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INTRODUCTION 

.I A l l  coal l i q u e f a c t i o n  p r o c e s s e s  i n v o l v e  t h e r m a l  c r a c k i n g  of  
weak bonds i n  coal t o  form r a d i c a l  f ragments  which are s t a b i l i z e d  
by a b s t r a c t i n g  hydrogen atoms from a donor  s o l v e n t .  The a c t i v i t y  
of t h e  hydrogen donor  s o l v e n t  i s  main ta ined  by f u r t h e r  hydrogena- 
t i o n  of a r e c y c l e d  f r a c t i o n .  Thus, t h e  costs of  hydrogen comprise  
a major expense i n  any l i q u e f a c t i o n  p r o c e s s  e s p e c i a l l y  i f  pure  

demonstrated t o  b e  a p o t e n t i a l  hydrogen s o u r c e  fo r  a few chemical  
p r o c e s s e s ,  such a s  se lec t ive  r e d u c t i o n  of NO t o  hydroxyl  amine 1 1 1  
and r e d u c t i o n  of n i t r o a r o m a t i c s  t o  amines The e f f e c t  of  H2S 
on c o a l  l i q u e f a c t i o n  i n  t h e  p r e s e n c e  of  hydrogen donor s o l v e n t s  
and under H a tmosphere h a s  been r e p o r t e d  t o  i n c r e a s e  t h e  c o a l  
convers ion  80 s o l u b l e  p r o d u c t s  [3 ,41 .  
l a t t e r  c a s e s  was n o t  t h e  main s o u r c e  of  hydrogen b u t  a c t e d  a s  a 
promoter i n  t h e  p r e s e n c e  o f  hydrogen donors  and e l e m e n t a l  H 2 .  
I n  o r d e r  t o  u t i l i z e  t h e  i n h e r e n t  hydrogen v a l u e  of  hydrogen s u l f i d e ,  
w e  s t u d i e d  t h e  e f f e c t  o f  H S and CO on c o a l  l i q u e f a c t i o n  i n  t h e  
absence  of  o t h e r  hydrogen s o u r c e s .  A m o r e  d e t a i l e d  s t u d y  of t h i s  
chemis t ry  was achieved  by t h e  u s e  of c o a l  t a r ,  a m a t e r i a l  t h a t  
c o n t a i n s  many of t h e  b a s i c  s t r u c t u r a l  f e a t u r e s  o f  c o a l  i t s e l f .  
The o b j e c t i v e  of  t h i s  s t u d y  h a s  been t o  u t i l i z e  low grade  indus-  
t r i a l  hydrvgen streams, p a r t i c u l a r l y  t h o s e  produced v i a  coal 

HZS, CO, C 0 2 ,  COS and NH3. 
d i r t y  streams i n  t h e  f i r s t  s t a g e  o f  c o a l  l i q u e f a c t i o n  w i l l  a l l e v i a t e  
a number of  expens ive  p r o c e s s  s t e p s  i n  t h e  c l e a n i n g  of  syngas.  

I H i s  used. Hydrogen s u l f i d e ,  a by-product  of  a n e g a t i v e  v a l u e  
I fgom t h e  c l e a n i n g  o f  n a t u r a l  g a s ,  c r u d e  o i l  o r  c o a l ,  h a s  been 

[27.  

Hydrogen s u l f i d e  i n  t h e s e  
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j g a s i f i c a t i o n  which c o n t a i n  a l a r g e  v a r i e t y  o f  i m p u r i t i e s  i n c l u d i n g  
U t i l i z a t i o n  of  t h e  H2S/C0 from such 

EXPERIMENTAL 

1. The coal l i q u e f a c t i o n  exper iments  w e r e  c a r r i e d  o u t  i n  a 316 SS, 
300 mL Magnedrive, p a c k l e s s ,  s t i r r e d  a u t o c l a v e  (Autoc lave  Engineer ,  
I n c . ) ,  f i t t e d  w i t h  a 1 2 0 0  w a t t  h e a t i n g  j a c k e t .  The coal w a s  
p u l v e r i z e d  t o  -60 mesh and d r i e d  under  n i t r o g e n  i n  a vacuum oven 
a t  100OC. The c o a l  sample ( 2 0  g ) ,  s o l v e n t  (80  9 of  l-methyl- 
naphtha lene  or t e t r a l i n )  and a c a t a l y s t  ( 2  g ) ,  i f  r e q u i r e d ,  w e r e  
charged i n t o  t h e  a u t o c l a v e .  The a u t o c l a v e  w a s  f l u s h e d  and p r e s s u r e  
t e s t e d  w i t h  n i t r o g e n ,  t h e n  charged w i t h  1655 kPa o f  H S ( a b o u t  4.5 9)  
and t o  6894 kPa w i t h  CO. 
f o r  2 hours  w h i l e  s t i r r i n g ,  t h e n  quenched u t i l i z i n g  a c o l d  water  
c o o l i n g  c o i l .  The c o n t e n t s  o f  t h e  r e a c t o r  were t r a n s f e r r e d  i n t o  
a n  e x t r a c t i o n  t h i m b l e  and e x t r a c t e d  w i t h  e t h y l  acetate  f o r  2 4  hours .  
The th imble  was d r i e d  i n  a vacuum oven and t h e  weight  of t h e  r e s i d u e  

The r e a c t i o n  was c a r r i e d  ouz a t  400°C 
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w a s  determined.  Conversion i s  d e f i n e d  as  t h e  p e r c e n t a g e  of  t h e  
o r g a n i c  mat te r  i n  coal t h a t  w a s  c o n v e r t e d  t o  e t h y l  a c e t a t e -  
s o l u b l e s  and g a s e s  on a d r y  a s h - f r e e  b a s i s .  The e x t r a c t  w a s  
s t r i p p e d  of  e t h y l  acetate and t h e  a s p h a l t e n e s  were p r e c i p i t a t e d  
by adding 800 mL of pentane .  The s u l f u r  c o n t e n t s  o f  t h e  
a s p h a l t e n e s  w e r e  determined by Eschka method (ASTM D-271). 

and CO (6894 kPa) .  
2 hours  w h i l e  s t i r r i n g .  
were i s s o l v e d  i n  C D C l  , f i l t e r e d ,  t h e n  s u b j e c t e d  t o  b o t h  H-nmr 
and ' 'C-qf  a n a l y s i s .  30ne exper iment  w a s  c a r r i e d  o u t  u s i n g  60% 
e n r i c h e d  CO i n  a m i c r o r e a c t o r  c o n s i s t i n g  o f  a 30 mL s t a i n l e s s  
steel  v e s s e l  (Hoke) connec ted  to  a mani fo ld  and f i t t e d  w i t h  a 
magnet ic  stirrer and a h e a t i n g  j a c k e t .  The re t i o n  w a s  c a r r i e d  
o u t  a t  35OoC, 1655 kPa of H2S and 5515 kPa of %O f o r  6 hours .  
The c o n t e n t s  t h e  v e s s e l  were e x t r a c t e d  w i t h  C D C l  , f i l t e r e d  and 
s u b j e c t e d  t o  "C nmr. During t h e  c o u r s e  of  t h e  coa? t a r  t r e a t m e n t  
any hydrogen-containing s o l v e n t s  were c a r e f u l l y  exc luded .  

The a u t o c l a v e  w a s  t h e n  h e a t e d  a t  4 8 O o C  f o r  
Small  a l i q u o t s  of t h e  product  m i x t u r e  

Y 
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SUlfided Co-Mo on y-A1 0 (Run 4 )  or ammonium molybdate ( impregnated 
on t h e  coal, Run 5)  d i a  d o t  c a u s e  s i g n i f i c a n t  change i n  convers ion ,  
it d i d  d e c r e a s e  t h e  s u l f u r  c o n t e n t  s l i g h t l y .  When a l a r g e  e x c e s s  
of H2S was used  w i t h  t h e  s a m e  amount o f  CO, a h i g h e r  convers ion  w a s  
ach ieved  w i t h  a s l i g h t  i n c r e a s e  i n  t h e  s u l f u r  c o n t e n t  (Run 7 ) .  

L i q u e f a c t i o n  of coal h a s  been s t u d i e d  w i t h  m i x t u r e s  of CO 
and H 0 by several groups  w i t h  t h e  main e f f o r t  now involved  i n  
t h e  C~STEAM p r o c e s s  IS]. A comparison of  H2S/C0 v e r s u s  H20/C0 
w a s  c a r r i e d  o u t .  In  t h e  absence  o f  a hydrogen donor s o l v e n t ,  
H S/CO was found t o  be  more e f f e c t i v e  f o r  coal l i q u e f a c t i o n  (38.2%) 
t g a n  H20/C0 (28%) under  t h e  same c o n d i t i o n s  (Runs 3 and 8 ) .  

t h e  presence  of e i t h e r  a n  i n e r t  s o l v e n t  (1-methylnaphthalene)  or a 
hydrogen donor s o l v e n t  ( t e t r a l i n )  are  shown i n  Table  2 .  I n  agree-  
ment w i t h  p r e v i o u s  d a t a ,  t h e  l i q u e f a c t i o n  i n  t h e  p r e s e n c e  of  H S 
and CO i n  a n  i n e r t  s o l v e n t  i n c r e a s e d  t h e  c o n v e r s i o n  t o  59.5% (4un 
10) r e l a t i v e  t o  a b lank  experiment  (38.5% c o n v e r s i o n ,  Run 9 ) .  The 
u s e  of  c a t a l y s t  d i d  n o t  i n f l u e n c e  t h e  c o n v e r s i o n  or t h e  s u l f u r  
Content .  
n o n c a t a l y t i c  or c a t a l y z e d  by t h e  i n o r g a n i c  m i n e r a l s  i n  c o a l .  The 
u s e  of a hydrogen donor s o l v e n t  gave a h i g h e r  c o n v e r s i o n  and 
s l i g h t l y  lower s u l f u r  c o n t e n t  t h a n  t h e  u s e  of a n  i n e r t  s o l v e n t  
(Run 1 2  v s .  Run 9 ) .  Furthermore,  t h e  u s e  of  H S/CO enhanced t h e  
coal l i q u e f a c t i o n  i n  t h e  p r e s e n c e  o f  a hydroge& donor a s  e v i d e n t  
from t h e  r e s u l t s  i n  Table  2 .  

The r e s u l t s  o f  l i q u e f y i n g  I l l i n o i s  N o .  6 Delta Mine coal i n  

T h i s  i n d i c a t e d  t h a t  t h e  r e a c t i o n  of H2S/C0 was e i t h e r  

Coal t a r  was used as a c o a l - l i k e  m a t e r i a l  i n  o r d e r  t o  examine 
t h e  n a t u r e  o f  H2S/C0 i n t e r a c t i o n  on c o a l  l i n k a g e s .  Although w e  
d o  n o t  imply t h a t  c o a l  t a r  i s  a model f o r  coal,  it d o e s  c o n t a i n  
many of  t h e  s t r u c t u r a l  components i n  t h e  o r i g i n a l  coal and has  t h e  
added advantage  of  g r e a t e r  s o l u b i l i t y  i n  ch loroform.  

Coal t a r  samples  w e r e  t r e a t e d  w i t h  H S/CO i n  t h e  presence  
of  s u l f i d e d  Co-Mo n A 1  0 c a t a l y s t s  u n d e l  s imilar  l i q u e f a c t i o n  
c o n d i t i o n s .  
change i n  hydrogen and carbon d i s t r i b u t i o n  i n  coal t a r  as a r e s u l t  
of H S/CO t r e a t e m e n t .  Examination of  t h e  r e s u l t s  i n  Table  3 demon- 
s t r a g e d  a s u b s t a n t i a l  i n c r e a s e  i n  t h e  c o n t e n t  of t h e  a l i p h a t i c  
p r o t o n s  from 5.3% f o r  t h e  t a r  h e a t e d  under  n i t r o g e n  t o  15.9% f o r  
t h e  t a r  t r e a t e d  w i t h  H S/CO. A s imi l a r  i n c r e a s e  i n  he a l i p h a t i c  
carbon c o n t e n t  from 4 . 3 %  t o  6 .6% w a s  observed .  The 'H-nmr s p e c t r a  
of both n i t r o g e n -  and H2S/CO-treated c o a l  i n d i c a t e d  t h a t  t h e  major 
change i n  t h e  a l i p h a t i c  hydrogen was due t o  f u n c t i o n a l  a ry l -methyl  
groups ( s i n g l e t s  a t  62.33-2.5 ppm) and t h e  g e n e r a t i o n  of  e t h y l e n i c  
l i n k a g e s  between aromat ic  r i n g s  ( s i n g l e t s  a t  63.3 ppm) such as 
acenaphthene or d ihydrophenanthrene  s t r u c t u r e s .  The appearance  of 
a ry l -methyl  groups  w a s  q u i t e  i n t r i g u i n g  s i n c e  it i n d i c a t e d  t h e  
p o s s i b i l i t y  o m e t h y l a t i n g  c o a l  t a r  o r  coal u s i n g  a m i x t u r e  of 
H s/co. The f3C-nmr h a s  s u b s t a n t i a t e d  t h i s  o b s e r v a t i o n  by i n d i -  
c g t i n g  t h e  appearance  of s i n g l e t  peaks  around 622.0 and 30.3 ppm 
due t o  a ry l -methyl  and d ihydrophenanthrene  s t r u c t u r e s .  The use  
of 1 3 ~ 0  and H2S c l e a r l y  shobed t h e  i n c o r p o r a t i o n  of  I 3 C H 3  groups  

Both 'H an$ 313C-nmr were used t o  e v a l u a t e  t h e  g r o s s  
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as e v i d e n t  from t h e  s u b s t a n t i a l  i n c r e a s e  i n  t h e  a l i p h a t i c  carboy 
from 6.6% t o  12.1% when CO o r  I 3 C O  was used r e s p e c t i v e l y .  
nmr a l s o  i n d i c a t e d  a major  i n c r e a s e  i n  t h e  r eg ion  of 6 1 8 . 5 - 2 2  ppm 
i n d i c  i v e  of a ry l -methyl  groups  as a r e s u l t  of t r e a t i n g  c o a l  tar 
wi th  "C0/H2S. 

The 3C- 

D I S C U S S I O N  

The above r e s u l t s  show t h a t  t h e  p re sence  of CO w i t h  H S i s  
r e q u i r e d  t o  ach ieve  s u b s t a n t i a l  hydrogenat ion  and/or  methy2at ion 
of c o a l  wi th  H S. Hydrogen t r a n s f e r  t o  c o a l  may invo lve  n a s c e n t  
hydrogen o r  o t z e r  s i m i l a r  i n t e r m e d i a t e s  t h a t  have been cons ide red  
i n  CO/H20 r e d u c t i o n  of c o a l .  The weaker bond energy of H-S bonds 
i n  H S v e r s u s  H-0 bonds i n  H 2 0  undoubtedly p r o v i d e s  one advantage  
f o r  3ydrogen t r a n s f e r  from H S. 
t y p e  r e a c t i o n  which can  occu? w i t h  H2S/C0 ove r  s u l f i d e d  c a t a l y s t s  
t o  produce e l emen ta l  H2 161. 

s h i f t  r e a c t i o n  € o r  H2S/C0 i s  h i g h l y  un favorab le  as compared t o  
t h e  s h i f t  r e a c t i o n  f o r  H20/C0.  

One must a l s o  c o n s i d e r  a s h i f t  

While H 2 S  has a much lower h e a t  of format ion  than  w a t e r ,  a 

CO + H 2 0 + C O 2  + H 2 ,  AGGsoOoK = -3.99 Kcal/mole 

CO + H 2 S S C O S  + H 2 ,  AG6000K = +3.86 Kcal/mole 

(1) 

( 2 )  

A more l i k e l y  mechanism f o r  hydrogen t r a n s f e r  i nvo lves  s p l i t t i n g  
of H S t o  g i v e  a hydrogen atom o r  a b s t r a c t i o n  of hydrogen atom 
from H 2 S  by t h e  c o a l  r a d i c a l  f r agmen t s  fo l lowed by t r app ing  t h e  
t h i y l  r a d i c a l  w i th  CO t o  form a t h io fo rmyl  r a d i c a l .  The l a t t e r  
i s  a be' t ter  hydrogen donor  t h a n  H 2 S  i t s e l f  r e s u l t i n g  i n  t h e  
format ion  of COS. 

2 

Scheme I 

\ H 
+ 'SH 1 P Or 1. + H2S- 7. Or A" ( 3 )  

' S H  + C O G  HS-'CO ( 4 )  

The a b i l i t y  o f  H S/CO t o  me thy la t e  a romat i c s  on ly  i n  t h e  
p re sence  of a s u l f i d e 2  c a t a l y s t  s u r f a c e  may a l s o  invo lve  a 
th io fo rmyl  i n t e r m e d i a t e .  W e  c u r r e n t l y  f e e l  t h a t  t h io fo rmyl  c a t i o n s  
o r  r a d i c a l s  on an a c t i v e  me ta l  s u l f i d e  s u r f a c e  a t t a c k  a romat i c  
r i n g s  which a r e  e l e c t r o n  r i c h .  Subsequent  hydrogenat ion  of t h e  
th io fo rmyl  group appea r s  t o  l e a d  t o  t h e  a ry l -methyl  product  i n  a 
c o a l  o r  coal tar. While me thy la t ion  wi th  H 2 S / C 0  p robably  b e a r s  
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resemblance t o  t h e  formate mechanisms proposed e a r l i e r  by Friedman, 
e t  a1 [71, f u r t h e r  i n v e s t i g a t i o n  of t h i s  area i s  n e c e s s a r y  t o  
make any a c c u r a t e  conc lus ions .  

C ONC LUS 10% 

This  i n v e s t i g a t i o n  h a s  shown t h a t  t r e a t m e n t  of coal w i t h  a 
mixture  of H S and CO a l l o w s  t h e  l i q u e f a c t i o n  of c o a l  t o  a n  e t h y l  
a c e t a t e  s o l u g l e  mater ia l .  
r e s u l t s  i n  b o t h  hydrogenat ion and m e t h y l a t i o n  03 c o a l  f ragments .  
While t h e  mechanism h a s  n o t  been f u l l y  e s t a b l i s h e d ,  t h e  a b i l i t y  
of t h i s  r e a g e n t  t o  s o l u b i l i z e  c o a l  i n  t h e  absence  of hydrogen and/or 
a donor s o l v e n t  w i l l  al low r e d u c t i o n  i n  t h e  r a w  material  cost of 
hydrogen i n  f u t u r e  l i q u e f a c t i o n  processes. 

The i n t e r a c t i o n  of H S/CO w i t h  c o a l  
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TABLE 1. Dean Mitchell Coal Solubilization with H2S, CO at 
400T for 2 hours 

Reactants, Conversion 
- Run Solvent Catalyst ( %  daf) Sulfur (a) 

1 1-methylnaphthalene N2 

3 H2S/C0 

2 0 H2S/N2 

4 

12.5 3.36 
18.0 6.34 
38.2 4.33 
37.1 3.86 

~ ~ S ( 2 5  g)/CO, 46.6 4.85 
Co/Mo (b) 
H20/C0 28.0 4.03 

(a) Total sulfur in asphaltene. 
(b) Sulfided Harshaw HT-4OOE. 3% Co, 12% Mo oxides on A1203. 
(c) Wet impregnated on the coal followed by vacuum drying. 
(d) H20 quantity was 2.4 g, to provide same molar quantity as 

4.5 g of H S. Pressure at ambient temperature was brought 
to 6894 kP2 with CO. 

TABLE 2. Delta Mine, Illinois No. 6 Coal Solubilization at 
4OOOC for 2 hours 

Reactants, Conversion 
- Run Solvent Catalyst ( %  daf) Sulfur (a) 

9 1-methylnaphthalene N2 
10 H S/CO 
11 

12 tetralin 
13 

38.5 2.73 
59.5 2.78 

H2S/C0, 58.5 2.70 
~ 

cO/MO/K~CO~ (b) 

N2 73.5 2.53 
HZS/CO, 83.0 2.48 
Co/Mo/K2C03 (b) 

(a) Total sulfur in asphaltene. 
(b) Sulfided Harshaw HT-4OOE. 3% Co, 12% Mo oxides on A1203. 
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TABLE 3. NMR Data of Coal Tar Reaction with 
H S/CO -2- 

Aliphatic Aromatic 
n C H C - -  - -  Reactants 

Coal tar, N ~ ( ~ )  5.3 4.4 94.74 95.6 

Coal tar, HZS, 15.9 6.6 84.09 93.4 
co (a) 
Coal tar, HZS, 12.7 12.1 81.17 87.9 
13c0 (b) 

(a) Reaction was carried out in 300 mL autoclave 
at 4OO0C, 6894 kPa ambient pressure for 2 hours 
in the presence of 5% Harshaw HT-400E sulfided 
catalyst. 

(b) Reaction was carried out in 30 mL microreactor 
at 4OO0C, 5515 kPa ambient pressure for 6 hours 
in the presence of 5% Harshaw HT-400E sulfided 
catalyst. 
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PILOT UNIT EVALUATION OF EXXON DONOR SOLVENT (EDS) PROGRAM COALS. 
S .  J. Hsia and K. L. Trachte. Exxon Research and Engineering Company, P. 0. Box 

Two Recycle Coal Liquefaction Units ( R C L U ' s )  are employed as a research and 

G. H .  Anderson, 

4255, Baytown, Texas 77520. 

development tool t o  evaluate the performance of the Exxon Donor Solvent (EDS) coal 
liquefaction process w i t h  various program coals. 
100 pounds-per-day) integrated,  continuous flow units w i t h  solvent recycle a re  used t o  
evaluate new coals, inyestigate process modifications and conduct process variable 
studies. The R C L U ' s  have been used t o  generate data for  overall process yields and t o  
provide information on operabili ty trends for  a variety of coals ranging i n  r a n k  from 
l ign i t i c  through subbituminous t o  bituminous. We have found tha t  the EDS process can 
be operated successfully throughout th i s  range of coal r a n k .  Optimum yie lds ,  and Lhe 
conditions a t  which these y ie lds  a re  achieved, are strongly dependent on the specific 
coal. 
total  l iquid yield,  as well as a l igh ter  l iquid product s l a t e  may be achieved. 
Operability trends a re  related t o  coal rank, with generally be t te r  operabili ty obtained 
w i t h  higher rank coals. Yield and operabili ty information from the R C L U ' s  are used t o  
select  preferred operating conditions fo r  the larger (one ton-per-day and 250 ton-per- 
day) p i lo t  p l z n t s  j n  prepara t io i  f e r  fctl-lre comnerciz! operzt ion.  

These small (50 pounds-per-day and 

Recent process improvement operations have shown s ign i f icant  improvements in 

8 
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EFFECTS OF SOLVENT HYDROGEN CONTENT IN THE SRC PROCESS. 
Edwin N. Givens, Corporate Research and Development Department, Air Products and 

Five coal-derived solvents containing between 6.2 and 9.5% hydrogen were compared 

Ronald W .  Skinner and 

Chemicals, Inc., P. 0. Box 538, Allentown, PA 18105. 

as once-through SRC process solvents i n  a continuous flow u n i t  equipped with a s t i r red  
tank reactor (CSTR). 
hydrogen content. Coal conversion to  pyridine soluble products was insensit ive to  sol- 
vent hydrogen; b u t  the y ie ld  of toluene solubles decreased significantly with hydrogen- 
deficient solvents. The yields of l iquid products and hydrocarbon gases were a l so  
reduced with hydrogen-deficient solvent. 
examined i n  solvent recycle experiments using 8.7% H and 6.2% H s ta r t ing  solvents. 
After f ive  passes, the recovered solvents had not reached equilibrium, as determined 
by differences i n  hydrogen content, fraction aromatic hydrogen, and average ring num- 
ber. However, these differences i n  solvent composition did not a'ffect the product 
yields. 

Gaseous hydrogen consumption varied inversely w i t h  the solvent 

The approach to  solvent equilibrium was 
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CONTINUOUS HYDROLIQUEFACTION TESTS OF AUSTRALIAN BROWN COAL 

N . V . P .  K e l v i n ,  B.P.K. Lim a n d  P.W. F r e d r i c k s o e  

A u s t r a l i a n  Coal  I n d u s t r y  R e s e a r c h  L a b o r a t o r i e s  L t d . ,  
P.O. Box 8 3 ,  Nor th  Ryde. N.S.W, 2113 .  A u s t r a l i a .  

INTRODUCTION 

The A u s t r a l i a n  s t a t e  o f  V i c t o r i a  p o s s e s s e s  huge p r o v e n  r e s e r v e s  ( 6 6 . 7  x l o 9  t o n n e s )  
of  brown c o a l  v h i c h  have  b e e n  shown (1-3)  t o  b e  h i g h l y  s u i t a b l e  f o r  h y d r o g e n a t i o n  
t o  l i q u i d  f u e l s .  P r e v i o u s  ACIRL ( 3 )  b a t c h  a u t o c l a v e  t e s t s  on V i c t o r i a n  brown c o a l  
g a v e  t o l u e n e - s o l u b l e  l i q u i d  y i e l d s  o f  61% when h y d r o g e n a t e d  i n  t e t r a l i n  a t  4000C 
f o r  4 h o u r s  a t  hydrogen  p r e s s u r e  of  a r o u n d  21 MPa. Moreove r ,  h i g h  y i e l d s  o f  o i l  
h a v e  been  r e p o r t e d  ( 4 )  f o r  t h e  h y d r o g e n a t i o n  o f  German brown c o a l s  (similar t o  t h e  
V i c t o r i a n  v a r i e t y )  i n  l a r g e - s c a l e  c o n t i n u o u s  o p e r a t i o n s .  

H y d r o l i q u e f a c t i o n  tes ts  on a V i c t o r i a n  brown c o a l  i n  ACIRL‘S 1 kg/hr  c o n t i n u o u s  
r e a c t o r  u n i t  a r e  r e p o r t e d  h e r e .  The u n i t  a n d  s u p p o r t i n g  equ ipmen t  have  b e e n  
d e s c r i b e d  e a r l i e r  (5) w i t h  r e f e r e n c e  t o  b l a c k  c o a l  h y d r o g e n a t i o n  tes ts .  

CONTINUOUS R E A C T O R  OPERATIONS 

The brown c o a l  s a m p l e  was f r o m  a s t e a m - d r i e d  b a t c h  of  run-of-mine brown c o a l  t h e n  
exposso  t o  a m b i e n t  room c o n d i t i o n s  f o r  s e v e r a l  h o u r s .  The c o a l  was t h e n  c r u s h e d  
a n d  s c r e e n e d  t o  p a s s  .075 mrn and s t o r e d  i n  p o l y e t h y l e n e  b a g s  u n t i l  r e q u i r e d .  
E q u i l i b r a t e d  m o i s t u r e  c o n t e n t s  d e t e r m i n e d  by  t h e  Dean a n d  S t a r k  ( b o i l i n g  t o l u e n e )  
method were i n  t h e  r a n g e  11-165. 

The c o n d i t i o n s  u n d e r  wh ich  t h e s e  t e s t s  were r u n  ‘were - 
S l u r r y  s o l v e n t / c o a l  r a t i o  1 .68  - 2 . 0  : 1 
51-rz;. f e e d  r a t e  0.7 - 1 . O  kg/hr  
Hydrogen f e e d  r a t e  BE - 92 g/h 

T e m p e r a t u r e s  : 
C a t a l y s t  % Coal 0 - 4.3  

P r e h e a  t e r  25 - 450 C 
R e a c t o r  25  - 430 C 

P r e h e a t e r  t u b e  d i m e n s i o n s  6 - 25  m l o n g  x 6 mm I .D.  
x 9.5mm O.D. 

R e a c t o r  volume 3 .5  L 

T a b l e  1 g i v e s  f u r t h e r  r u n  d e t a i l s .  
The r e a c t o r  i n t e r n a l  c o n f i g u r a t i o n  i s  shown i n  t h e  f i g u r e .  
d i v i d e d  i n t o  t h r e e  s t i r r e d  c o m p a r t m e n t s  i n  an  e f f o r t  t o  i n c r e a s e  t h e  number o f  
CSTR s t a g e s  w i t h  m i n i m a l  i n t e r s t a g e  b a c k m i x i n g ,  a n d  t h u s  t o  a p p r o a c h  p l u g  f l o w  
which  is known t o  be  more e f f e c t i v e  f o r  a g i v e n  r e a c t o r  volume.  

OPERABILITY 

Feed  s l u r r y  s o l v e n t / c o a l  r a t i o s  were l i m i t e d  t o  a b o v e  1 . 6 8  : 1 a s  t h i c k e r  s l u r r i e s  
c o u l d  n o t  b e  pumped s a t i s f a c t o r i l y .  
t h a t  t h i c k e r  s l u r r i e s  c o u l d  more r e a d i l y  b e  h a n d l e d .  
o b t a i n e d  a t  t h i s  s m a l l  s c a l e  may b e  a f f e c t e d  by t h e  low f e e d  s l u r r y  c o a l  c o n c e n t -  
r a t i o n s  t h a t  c o u l d  be a c h i e v e d .  

P r o d u c t  s l u r r y  l e t -down  v a l v e s  o p e r a t i n g  w i t h  pressure d r o p s  o f  up t o  21 MPa down 
t o  a t m o s p h e r i c  h a v e  s u r v i v e d  l o n g e r  ( o v e r  200  h o u r s )  i n  brown c o a l  s e r v i c e  t h a n  i n  
b l a c k  c o a l  r u n s  (50-100 h o u r s ) .  T h i s  i s  most  l i k e l y  t h e  r e s u l t  o f  l o w e r  a s h  con-  
t e n t s  a n d  l o w e r  p e r c e n t a g e s  of  h a r d  m a c e r a l s  i n  brown c o a l .  

P r e h e a t e r  t u b e  b l o c k a g e s  h a v e  been  e n c o u n t e r e d  i n  e v e r y  run w i t h  brown c o a l .  We . 
o b s e r v e d  t h a t  h i g h  t e m p e r a t u r e s  t e n d e d  t o  a c c e l e r a t e  d e p o s i t i o n  o f  m i n e r a l  m a t t e r  
a n d  c o k e  on t h e  p r e h e a t e r  w a l l .  D e p o s i t i o n  o f  s o l i d  c o k e - s a l t  m a t e r i a l s  i n  p r e -  
hea . t e r s  a l s o  a p p e a r s  t o  b e  a p r o b l e m  f o r  o t h e r  w o r k e r s  i n  b r o w n . c o a 1  a n d  l i g n i t e  

The r e a c t o r  h a s  been  

A t  l a r g e r  s c a l e s  o f  o p e r a t i o n  i t  is l i k e l y  
A c c o r d i n g l y ,  t h e  d a t a  
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h y d r o g e n a t i o n .  
o u r  p r e h e a t e r  s o l i d s .  However t h e  o r i g i n a l  d e p o s i t  t h a t  e v e n t u a l l y  c a u s e d  a 
b l o c k a g e  c o u l d  n o t  a l w a y s  b e  found  b e c a u s e  p r e h e a t e r  c o n t e n t s  t e n d e d  t o  c o k e  a l o n g  
t h e  whole l e n g t h  when f l o w  s t o p p e d .  The o r i g i n a l  h i g h - c a l c i u m  d e p o s i t  was t h e n  
On ly  l o c a t a b l e  by  l a b o r i o u s l y  c u t t i n g  t h e  who le  p r e h e a t e r  i n t o  many s e c t i o n s  a n d  
examin ing  each one i n d i v i d u a l l y .  

RE 5U LTS 

Obse rved  mass b a l a n c e s  a n d  o i l  y i e l d s  3re p r e s e n t e d  i n  T a b l e s  2 a n d  3.  Y i e l d  d a t a  
c o r r e c t e d  t o  100% r e c o v e r y  f o r  o p e r a t i o n a l i y  s t a b l e  runs 33, 44 e n d  45 a r e  p r e s e n t e d  
i n  T a b l e  4 .  O v e r a l l  r e c o v e r i e s  f o r  t h e s e  runs xere 95- 96%. 

Because  o f  t h e  s m a l l  s c a l e  o f  o p e r a t i o n s  p e r f e c t  mass b a l a n c e s  were  v e r y  d i f f i c u l t  
t o  a c h i e v e .  O v e r a l l  mass b a l a n c e s  v a r i e d  f rom 82% t o  97%, r h e  p o o r e r  mass  b a l a n c e s  
b e i n g  p a r t l y  e t t r i b u t a b l e  t o  o p e r a t i o n a l  p r o b l e m s  s u c h  a s  l e a k s ,  n e c e s s a r i l y  h a s t y  
r e m e d i a l  a c t i o n  t o  c l e a r  b l o c k a g e s  i n  t h e  f e e d  s l u r r y  c i r c u l a t i n g  s y s t e m ,  and l o s s e s  
when d i s c h a r g i n g  m a t e r i a l  i n  p r o c e s s  i n  o r d e r  t o  r e p l a c e  a b l o c k e d  p r e h e a t e r .  
D i s t i l l a t i o n  mass b a l a n c e s  ( i . e .  r e c o v e r y  o f  w a t e r ,  l i g h t  o i l ,  m i d d l e  a n d  vacuum 
d i s t i l l a t e s  and d i s t i l l a t i o n  r e s i d u e )  were  95 - 98% of  p r o d u c t  s l u r r y  f e d  t o  t h e  
d i s t i l l a t i o n  e q u i p m e n t .  Obse rved  o i l  y i e l d s  were  c o r r e c t e d  by a s s u m i n g  p e r f e c t  
r e c o v e r y .  Thus,  o b s e r v e d  o i l  y i e l d s  i n  t h e  r a n g e  31 - 44% f o r  o v e r a l l  9 5  - 96% 
r e c o v e r i e s  a r e  e s t i m a t e d  t o  be i n  t h e  r a n g e  42 - 55% a s s ~ m i n g  100% r e c o v e r y .  
b e l i e v e  t h a t  t h e  downs ide  error is  u n l i k e l y  t o  be  g r e a t e r  t h a n  5%, t h a t  i s  t h e  
a b o v e  o i l  y i e l d  r a n g e  i s  u n l i k e l y  t o  be  l e s s  t h a n  26 - 39%. 

Obse rved  d i s t i l l a t e  y i e l d s  f o r  runs w i t h  p o o r  o v e r a l l  r e c o v e r i e s  are  u n f o r t u n a t e l y  
s u s p e c t .  However, some c o n c l u s i o n s  c a n  be drawn w i t h  r e a s o n a b l e  c e r t a i n t y ,  namely:  

( a )  D i s t i l l a t e  o i l  y i e l d s  o f  up t o  55% c a n  be o b t a i n e d  f rom t h i s  c o a l  a t  c o n d i t i o n s  

High l e v e l s  o f  c a l c i u m  h a v e  b e e n  q u a l i t a t i v e l y  o b s e r v e d  i n  some of 

We 

a t t a i n a b l e  i n  t h i s  bench  u n i t .  

( b )  O i l  y i e l d s  were h i g h e r  when r e a c t a n t s  f l o w e d  t h r o u g h  0 0 t h  p r e h e a t e r  and  r e a c t o r  
( b o t h  a t  a b o v e  400dC) t h a n  t h r o u g h  e i t h e r  a l o n e .  
were  o b s e r v e d  p r o b a b l y  a s  t h e  r e s u l t  o f  d e g r a d a t i o n  a f  s o l v e n t  i n  t h e  h o t  
p r e h e a  t e r  . 

Some n e g a t i v e  o i l  y i e l d s  

( c )  S o l i d s  b u i l d i n g  up i n  t h e  p r e h e a t e r  t e n d e d  t o  r e d u c e  l i q u i d  y i e l d s  p r o b a b l y  
due  t o  d e c r e a s i n g  r e a c t i o n  volume.  

( d )  P r e h e a t e r  d e p o s i t s  t e n d e d  t o  form more r a p i d l y  a t  h i g h e r  t e m p e r a t u r e s .  

( e )  Added r e d  mud a n d  s u l f u r  improved  l i q u i d  y i e l d s  s l i g h t l y .  F u r t h e r  v e r i f i c a t i o n  
of  t h i s  e f f e c t  is u n d e r  way. 

PRODUCT CHARACTERISTICS 

L i g h t  o i l s  (IBP - 200OC) were  f o u n d  t o  c o n t a i n  19-3746 p a r a f f i n s ,  19-2796 n a f t e n e s ,  
26-50% a r o m a t i c  h y d r o c a r b o n s ,  a n d  9-14% o x y g e n a t e d  compounds ,  m a i n l y  p h e n o l s  a n d  
k e t o n e s .  T h i s  would s u g g e s t  t h a t  s u b s t a n t i a l  e x t r a c t i o n  a n d / o r  c a t a l y t i c  hydro-  
t r e a t m e n t  would be r e q u i r e d  t o  p r o d u c e  a s u i t a b l e  f e e d s t o c k  f o r  g a s o l i n e .  By 
c o m p a r i s o n  l i g h t  0115 d e r i v e d  f r o m  b l a c k  c o a l s  g e n e r a l l y  c o n t a i n  a b o u t  h a l f  a s  much 
o x y g e n a t e d  compounds. 

The h e a v i e r  o i l s  f rom which  a l i q u o t s  a r e  used  a s  r e c y c l e  o i l ,  c o n t a i n e d  s u b s t a n t i a l  
c o n c e n t r a t i o n s  o f  h e t e r o a t o m s  o f  which p h e n o l i c  h y d r o x y l  g r o u p s  a c c o u n t e d  f o r  70-90% 
o f  t h e  oxygen p r e s e n t .  The c o n c e n t r a t i o n  of  s a t u r a t e d  h y d r o c a r b o n s  i n c r e a s e d  up t o  
10% w i t h  s u c c e e d i n g  r e c y c l e  p a s s e s  w h i l e  a r o m a t i c s  a n d  s i m p l e  p o l a r  compounds 
r e m a i n e d  a p p r o x i m a t e l y  c o n s t a n t .  Branched  h y d r o c a r b o n s  were  p r e s e n t  i n  o n l y  v e r y  
s m a l l  amoun t s .  A f t e r  a b o u t  4 0 0  h o u r s  t o t a l  o p e r a t i o n ,  i n d i c a t i o n s  were t h a t  3040% 
of  t h e  o r i g i n a l  s t a r t i n g  s o l v e n t  componen t s  r e m a i n e d .  I n  o t h e r  w o r d s ,  t h e  o r i g i n a l  
s t a r t i n g  s o l v e n t  ( m i l d l y  h y d r o g e n a t e d  c r e o s o t e )  i s  f a i r l y  s t a b l e  a t  t h e s e  hydro-  
g e n a t i o n  c o n d i t i o n s  and  t h u s  it m e r e l y  becomes d i l u t e d  w i t h  e v e r y  s u c c e e d i n g  r e c y c l e  
p a s s .  
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CONCLUSION 

I t  is i m p o r t a n t  t o  r e c o g n i s e  t h a t  t h e s e  data  were g e n e r a t e d  on a small  b e n c h  u n i t  
a n d  a r e  i n d i c a t i v e  o f  t r e n d s  drld l i k s l y  r n n g e s  o f  uil y i e l d s .  T h e s e  r u n s  h a v e  
p r o v i d e d  v a l u a b l e  e x p e r i e n c e  e n a b l i n g  us t o  b e t t e r  pl .sn f u t u r e  improvements  t o  
i m p r o v e  mass b a l a n c e s  a n d  y i e l d s .  Howi . ,er ,  we z c l r r v e  t h a t  2 t  t h i s  s m e l l  s c a l e  
t h e  b e s t  r s c o v e r i e s  e c h i e v - ? b i s  e r e  ' ~ 8 %  : ; I I  '*ad s l u r r y ,  t h a t .  1 s  95-96$ on f e e d  coill.  
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TA!?LE 1 .  

Run C o n d i t i o n s  

D u r a t i o n  Brown S t a  r t i n g  
5 o l v r n t /  

i u a  1 
P a t i o  

Cs t a  l y s t  
9'. c o a l  

4 . 3  

S o l v e n t  h C o a l  f e e d  
Runs 

Cq 

33  9 8  2 5  100 % MHC i .6e  : 1 

if5 f r o m  p r e v i o u s  2 . 0  : 1 

44A, B 1 0 0  1 '2 49% MHC ? . C S  : 1 

34-36 31 1 85 lOC% MHC t h e n  I .7 :  - 0 - 1 . 2  

r u n s  

4 . 0  1 5::~: RS f r o m  
p r e v i o u s  r u n s  i 

45 C 6  35 tGC$ AS f r o m  1.80  : 1 4 . 0  i 
! Run 48 

MHC = m i l d l y  h y d r o g e n a t e d  c r e o s o t e  
RS = r e c y c l e  s o l v e n t  
C a t a l y s t  = ::;A rea mud -, 2 5 1  e l e m e n t a l  s u i i u r .  _-. 

TABLE 2 .  

U n i t  C o n f i q u r a t i o n  a n d  P r e h e a t e r  B e h a v i u u r  

r 1 5 1 1 t Z . .  L C L  nr tL C U I  

5 t.7 t u  5 
T e m p e r a t u r e  

C 
S t a t u s  T1nla to 

Runs T e m p e r a t u r e  
C b l o c k ,  h 

33 4 5 0  I n  71 425 I n  
34A 450 I n  OU z 
348 450 I n  89  42 5 I I1 

35A 450 I n  53  425 183 
35B 450 !n 26 - a,, t 
36A 450 I n  lib ; 
368 450 I ri S O  370 I n  
36C U u t  42 5 I n  
44A 435 I n  59 430 I n  
448 41 0 i n  - 430 I ri 
45 41 0 I n  a 6  * 430 1 r. 

- - 

- - 
- - 

* B l o c k a g e  c l e a r e d  by  imposed  e x c e s s  p r e s s u r e  d r o p .  
A l l  o t h e r  b l o c k e d  p r e h e a t e r s  c o u l d  n o t  h e  c l e a r e d  
a n d  were t h e r e f o r e  r e p l a c e d .  
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TABLE 3. 

Mass B a l a n c e s  a n d  Y i e l d s  

O b s e r v e d  
Mass Balance C l o s u r e  on T o t a l  F e e d s  (%)  D i s t i l l a t e  

Run Y i e l d  

C o a l  
$ d . a . f .  D i s t i l l a  t i o n  O v e r a l l  C o n t i n u o u s  

Reactor  

33 
34A 
34B 
35A 
35B 
36A 
368 
36C 
44A 
44B 
45 

100.1 
85 
84 
89 
95 

101.4 
98.0 
89 
97.4 
97.6 
98.3 

94.7 
97.9 
97.6 
96.5 
98.7 
98.6 
97.2 
98.2 
97.4 
97.4 
97.8 

95  
a3 
a2 
86 
94 
9 7  
95 
87  
95 
95 
96 

44 
-1 6 
- 5  
- 2  

3 
-1 1 
- 7  

11 
31 
38 
32 

TABLE 4 .  

Y i e l d s  C o r r e c t e d  t o  100% R e c o v e r y  

Run 33 44A 448 45 

I N  - 
C o a l  ( d . a . f . 1  
Hydrogen consumed 

1 0 0  
6 

1 0 0  
1 0  

OUT - 
C1 - C4 h y d r o c a r b o n s  

H e t e r o g a s e s  
G e n e r a t e d  Water  
L i g h t  O i l  (IBP - 200°C) 
Middle  D i s t i l l a t e  (200 - 320OC) 
Vacuum D i s t i l l a t e  ( 3 2 0  - 550oC) 
D i s t i l l a t i o n  R e s i d u e  ( d . a  . f .  ) 

co, c02 

Net d i s t i l l a t e  O i l  Y i e l d ,  
$ d . a . f .  c o a l  

106 - 

1 3  
12 

2 
12 
1 0  
28  
17  
12  

106 

- 
- 

55 

1 1 0  - 
'1 7 
1 7  

1 
1 3  
1 3  
25 

7 
1 7  

1 1 0  

- 
- 

45 

1 0 0  
12 

112 
- 
- 

1 3  
1 4  

1 
12  
1 0  
29  
1 3  
20 

112 

- 
- 

52 

100 
7 

107 

- 
- 

11 
15 

3 
15 
1 0  
22 
10 
21 

107 

- 
- 

42 
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r rgy ,  Off ice  of Foss i l  
Fuel Programs, Div is ion  of F o s s i l  Fuel Processing, Mail Stop E338/Gtwn, Washington, DC 

The ob jec t ive  of  DOE'S Disposable Ca ta lys t  Program i s  t o  u t i l i z e  the  mineral  mat te r  i n  
coa l  or other  inexpens ive  n a t u r a l l y  occurr ing  o res  a s  coa l  l i que fac t ion  c a t a l y s t s  which 
w i l l  s u b s t a n t i a l l y  reduce hydrogen consumption and inc rease  s e l e c t i v i t y  t o  l i qu ids .  
Fundamental and app l i ed  research  work performed i n  seve ra l  l a b o r a t o r i e s  has been coordi-  
nated i n t o  an  in t eg ra t ed  program. Research in  the  a rea  of coa l  minera ls  has shown t h a t  
p y r i t e s  and p y r r h o t i t e s  a r e  a c t i v e  and e f f e c t i v e  c a t a l y s t s  f o r  t h e  hydro l iquefac t ion  of 
coa l s  e x h i b i t i n g  both  hydrocracking and hydrogenatcon f u n c t i o n a l i t i e s .  
have shown t h a t  p y r i t e  o r  p y r r h o t i t e  add i t ion  improves coa l  convers ion  a s  wel l  as  prod- 
uc t  s e l e c t i v i t y ,  i .e. ,  a 5 w t %  p y r i t e  add i t ion  inc reases  t h e  conversion of coa l  t o  
benzene so lubles  product equ iva len t  t o  25O C ope ra t ing  temperature inc rease  and t o  d i s -  
t i l l a t e  product equ iva len t  t o  20° C opera t ing  temperature increase .  

a t t r i b u t e d  t o  d i f f e r e n c e s  i n  morphologies of  t h e  p y r i t e s  and/or  a r e  r e l a t e d  t o  d i f f e r e n t  
inherent  sur face  a r e a  of t h e  p y r i t e s .  

P y r i t e s  from minera l  depos i t s  show i n  genera l  lower c a t a l y t i c  a c t i v i t y  than coa l -  
ex t r ac t ed  py r i t e s .  

The c a t a l y t i c  r o l e  of c o a l  minera l  c l ays  and t h e i r  e f f e c t  on t he  p y r i t e - p y r r h o t i t e  
c a t a l y t i c  system i s  be ing  s tud ied .  

Batch experiments 

P y r i t e s  from va r ious  c o a l s  provide  d i f f e r e n t  l e v e l s  of  c a t a l y t i c  a c t i v i t y  which are 
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THE MECHANISM OF HYDROGEN TRANSFER FROM OIALIN DONORS, D.H. Bass and P.S. Virk, 
Department of Chemical Engineering, Massachusetts I n s t i t u t e  of Technology, Cambridge, 

We report experiments concerning the t ransfer  of hydrogen from the two d i  hydronapth- 

:;? 02181 

alene isomers, namely AI-d ia l in  andbzdia l in ,  t o  two polynuclear hydrocarbon acceptors, 
namely anthracene and phenanthrene. These substrates  were chosen both to  model some of 
the hydrocarbon moieties involved i n  coal l iquefact ion as well as t o  t e s t  our hypothesis 
tha t  the hydrogen t ransfer  occurs by a concerted per icyc l ic  reaction. 
Hoffmann rules f o r  orb i ta l  synnnetry conservation then suggest tha t  hydrogen t ransfer  to  
anthracene should be thermally-allowed fromA2-dialin but forbidden from A1-dialin; how- 
ever hydrogen t ransfer  t o  phenanthrene should be thermally-allowed from AI-dialin b u t  for- 
bidden from A2-dialin. The experiments were conducted i n  tubing bomb reactors  i n  the  tem- 
perature range 240 C t o  430 C ,  a t  times from 5 t o  960 minutes and donor-to-acceptor mol 
ra t ios  from 0.25 t o  16. 
acceptor, w i t h  second order  ra te  constants, loglok ( l i ter /mol  s )  tabulated below: 

Acceptor t 

Phenanthrene 400 C -4.0 -5.5 - 5 . i  
The experimental resu l t s  evidently accord w i t h  the  theore t ica l  predictions f o r  a pericy- 
c l i c  hydrogen-transfer. 

The  Woodward- 

Reactions were essent ia l ly  f i r s t  order  i n  each of donor and 

Donor + AI-dialin A2-dialin t e t r a l i n  

Anthracene 300 C -5.1 -3.0 -6.1 
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COMPARISON OF METHODS FOR THE DETERMINATION OF 
ASPHALTENES, OILS AND INSOLUBLES - ?ART I1 

Hyman Schul tz  and Margaret J.  M i m a  

U. S .  Department of Energy 
P i t t sbu rgh  Energy Technology Center 

4800 Forbes Avenue, P i t t sbu rgh ,  PA 15213 

INTRODUCTION 

According t o  S ternberg  e t  a l . ,  a spha l t enes  are h igh  molecular weight 

compounds which a f f e c t  t h e  v i s c o s i t y  of products  from c o a l  convers ion  pro- 

ces ses  (10) and may be t h e  in t e rmed ia r i e s  i n  t h e  format ion  of o i l  from coal  

( 3 ,  6 ,  1 2 ) .  Asphaltenes have t r a d i t i o n a l l y  been def ined  by t h e i r  s o l u b i l i t y  

p rope r t i e s .  A knowledge of t h e  concen t r a t ion  of a spha l t enes  i n  coal-derived 

o i l  i s  o f t e n  h e l p f u l  t o  t h e  engineer  i n  eva lua t ing  hydro t r ea t ing  processes.  

S tud ie s  of c o a l  hydrogenation a t  DOE'S P i t t sbu rgh  Energy Technology Center 

(formerly P i t t s b u r g h  Energy Research Center ,  Bureau of Nines) over t he  years  

o f t e n  depended on the  de te rmina t ion  of a spha l t enes  ( 5 ,  11, 1 2 ) .  However, 

t h e r e  i s  no s t anda rd  method f o r  t he  de te rmina t ion  of a spha l t enes  i n  t h e  

products  from c o a l  conversion, nor is t h e r e  any known r e l a t i o n s h i p  between 

a spha l t ene  va lues  produced by the  a n a l y t i c a l  methods c u r r e n t l y  i n  use .  

Therefore,  one cannot w i th  any degree  of conf idence  compare t h e  a spha l t ene  

con ten t  of c o a l  der ived  l i q u i d  f u e l s  t h a t  a r e  analyzed by d i f f e r e n t  methods. 

A t  p resent ,  every  l a b o r a t o r y  has  developed i ts  own procedure f o r  determining 

a spha l t enes  i n  coal-derived m a t e r i a l s .  

3 

In orde r  t o  a s c e r t a i n  i f  t h e  d i f f e r e n t  methods used t o  determine as- 

pha l tenes  i n  coal-derived materials produce s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s .  

a s tudy  was i n i t i a t e d  a t  t h e  P i t t s b u r g h  Energy Technology Center aimed a t  

o b j e c t i v e l y  comparing f i v e  d i f f e r e n t  methods c u r r e n t l y  used t o  ana lyze  such 
i 
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I 

m a t e r i a l s  fo r  a spha l t enes ,  o i l s  and i n s o l u b l e s .  P a r t  I of t he  s tudy  in- 

volved the  use of a hydro l ique fac t ion  product of i n t e rmed ia t e  a spha l t ene  

conten t  a s  a t e s t  ma te r i a l  and was  r epor t ed  p rev ious ly  ( 7 ) .  P a r t  11 of t h e  

s tudy  is repor ted  h e r e i n  and involves  the  use of a high a spha l t ene  conta in-  

ing  substance as t h e  test  m a t e r i a l .  

EXPERIMENTAL 

The experimental  methods used were t h e  same as those  employed i n  P a r t  

I ( 7 ) .  A s o l i d  product from t h e  Solvent  Refined Coal (SRC) p l a n t  of Fo r t  

L e w i s ,  Washington w a s  chosen f o r  t he  "standard" m a t e r i a l .  A l a r g e  sample of 

t he  SRC w a s  provided by the  Combustion Div is ion  a t  PETC and w a s  subsequent ly  

ground t o  pass through a 60-mesh sc reen .  Af t e r  thorough mixing, t h e  SRC was 

d iv ided  i n t o  f i v e  po r t ions  which were s to red  under n i t rogen  i n  sea l ed ,  dark  

g l a s s  b o t t l e s  u n t i l  used. 

The a n a l y t i c a l  procedures used were ou t l ined  p rev ious ly  ( 7 )  and w i l l  be 

descr ibed  i n  g r e a t e r  d e t a i l  i n  a f u t u r e  pub i i ca t ion .  

Method A h a s  been i n  use by t h e  Ana ly t i ca l  Chemistry Branch a t  PETC f o r  

years  f o r  rou t ine ,  h igh  volume work and r e q u i r e s  only  inexpensive equipment 

(5). No a t tempt  is made t o  keep t h e  sample o r  t he  v a r i o u s  f r a c t i o n s  from 

con tac t  wi th  t h e  a i r  s i n c e  chemical c h a r a c t e r i z a t i o n  of t h e  f r a c t i o n s  was 

no t  a cons ide ra t ion  i n  the  des ign  o r  use of t h i s  method. 

Method B w a s  developed i n  t h e  Molecular Spectroscopy Branch a t  PETC t o  

g ive  r ap id  r e s u l t s  w i th  a small number of samples and t o  produce f r a c t i o n s  

f o r  f u r t h e r  s tudy  (8) .  

Method C w a s  designed i n  the Process Sc iences  Div is ion  a t  PETC as a 

means of s tudying  t h e  cond i t ions  f o r  p r e c i p i t a t i o n  of a spha l t enes  and f o r  

prepar ing  f r a c t i o n s  f o r  f u r t h e r  s tudy  ( 2 ,  9 ) .  
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Method D w a s  developed a t  ARC0 as a means of prepar ing  f r a c t i o n s  f o r  

f u r t h e r  s tudy  ( 4 ) .  

Xethod E was designed a t  FXYON Research and Engineering Company a s  a 

p repa ra t ive  method (1). Due to  the  l i m i t e d  amount of sample a v a i l a b l e  and 

a f t e r  consu l t a t ions  wi th  the  o r i g i n a t o r s  of  the  method, a 25 gram sample 

s i z e  was employed in s t ead  of t h e  50 gram sample o r i g i n a l l y  s p e c i f i e d .  

RESULTS AND DISCUSSION 

The r e s u l t s  of t he  s tudy  a r e  shown i n  Table 1. Af te r  r e p l i c a t i n g  

method C a number of t imes it became apparent  t h a t  t he  r e s u l t s  va r i ed  so 

widely tha t  t he  method was no t  working w e l l  enough to  warran t  continued 

r e p l i c a t i o n .  I t  was concluded t h a t  t he  probable  cause of t he  observed 

v a r i a t i o n  was the  pass ing  of f i n e  p a r t i c l e s  through the  e x t r a c t i o n  thimble 

i n  a non-reproducible w a y .  T:i? r e s u l t s  f o r  rnethod C were t h e r e f o r e  l e f t  out 

of Table 1. 

The averages v a n  over almost a f a c t o r  of 2 f o r  i n s o l u b l e s  and asphal -  

t enes  and almost a f a c t o r  of 15 f o r  t he  o i l s .  The ranges  f o r  t he  r e l a t i v e  

s tandard  deviac ions  were 4 t o  97: f o r  t he  i n s o l u b l e s ,  6 to  15% f o r  t h e  as- 

pha l t enes  and 4 t o  40% f o r  t h e  o i l s .  

The sums of t h e  average  v a l u e s  of i n s o l u b l e s ,  a spha l t enes  and o i l s  f o r  

methods B,  D and E ( t he  o i l s  a r e  c a l c u l a t e d  by d i f f e r e n c e  in method A )  add up 

t o  more than 100%. 

v a l u e s  and 100% a r e  no t  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  95% conf idence  

i n t e r v a l  f o r  methods B and D ( i t  i s  f o r  method E ) ,  t h e  f a c t  t h a t  a l l  t h r e e  

methods show sums of g r e a t e r  than  100% can be i n t e r p r e t e d  as evidence of 

s o l v e n t  r e t e n t i o n  i n  the f r a c t i o n s  ( t h e  use of n i t r o g e n  i n  these  methods 

would make ox ida t ion  an u n l i k e l y  exp lana t ion ) .  

While t h e  d i f f e r e n c e  between the  sums of the  average 
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In order  t o  determine i n  an o b j e c t i v e  manner i f  s i g n i f i c a n t  d i f f e r e n c e s  

e x i s t  betueen the  r e s u l t s  ob ta ined  from the  va r ious  ne thods ,  S t u d e n t ' s  "t" 

t e s t  was appl ied .  The r e s u l t s  ob ta ined  with methods A,  B ,  D and E were com- 

pared two a t  a time and i n  a l l  cases  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  

were found. 

Based on t h e  exper ience  gained dur ing  t h i s  s tudy  t h e  a n a l y s t s  involved 

made e s t ima tes  f o r  each method of t h e  e lapsed  time and man-hours necessary  

t o  complete a de te rmina t ion  and of t h e  expected product ion  r a t e .  They 

concluded t h a t  i n  a l l  ca ses  these  were not  a s  f avorab le  a s  those f o r  t he  

medium aspha l t ene  n a t e r i a l  i n  P a r t  I of t he  s tudy  ( 7 ) .  The d i f f e r e n c e s  were 

mainly due t o  the  d i f f i c u l t i e s  encountered i n  removing so lven t s  from the  

i n s o l u b l e  material and, i n  some cases ,  t he  o i l s .  

CONCLUSIONS 

This  study has  shown t h a t  m a t e r i a l s  high in aspha l t enes  a r e  more d i f -  

f i c u l t  t o  analyze f o r  t h e i r  a spha l t ene  conten t  than m a t e r i a l s  of moderate 

a spha l t ene  conten t .  Indeed, one of t he  t e s t  methods f a i l e d  completely t o  

work wi th  the  test sample. As au thor s  of t h e  method r e p o r t  (9)  success fu l ly  

apply ing  the  method t o  an SRC-I m a t e r i a l ,  i t  w a s  concluded t h a t  our  results 

were caused by e i t h e r  of  two th ings .  F i r s t ,  a l though t h e  s p e c i f i c a t i o n s  

s p e l l e d  ou t  i n  t h e  method were m e t ,  t he  Soxhle t  th imbles  were obta ined  f rom 

a d i f f e r e n t  manufacturer than  used by the  o r i g i n a t o r s  and t h e r e f o r e  may have 

been of a d i f f e r e n t  p o r o s i t y  a l lowing  f i n e  p a r t i c l e s  through. Second, t h e  

SRC used was d i f f e r e n t  than t h a t  repor ted  on and may have been ground to a 

d i f f e r e n t  average particle s i z e .  

Four of the methods worked b u t  were less p r e c i s e ,  r equ i r ed  more e f f o r t  

and produced ana lyses  a t  a lower r a t e  than they d i d  wi th  t h e  more t r a c t a b l e  

medium aspha l t ene  material. I n  s p i t e  of a l l  t h e  above, methods A,  B,  D and 
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E could be  used t o  ana lyze  high a spha l t ene  m a t e r i a l s  bu t  each w i l l  produce 

d i f f e r e n t  r e s u l t s  wi th  t h e  same material. C lea r ly  a s tandard  method is  

c a l l e d  f o r  bu t  whether one method can be devised  t h a t  w i l l  be  usab le  wi th  

c o a l  der ived  materials of widely vary ing  a spha l t ene  con ten t  is  problemat ica l .  

2 2  
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Table 1. Average of 20 r e p l i c a t e  analyses of a sample of SRC. 

% Inso lub le s  % Asphaltenes % O i l s  
Method '' 1s c 1s f 1s 

A 37 I 3 52 L 3 1 2  c 2 

B 58 c 5 4 3  t 6 1.5 0.6 

C See Text 

D 64 2 3 27 C 4 14 ? 2 

E 49 ? 2 34 ? 2 22.0 t 0.8 
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The Composition of Liquids from Coals of Different Rank 

G. P. Sturm, Jr., J. E. Dooley, J. S. Thomson, 
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U.S. Department of Energy, Bartlesville Energy 
Technology Center, P. 0. Box 1398 
Bartlesville, Oklahoma 74003 

INTRODUCTION 

Eight coal liquids prepared from six coals (9,lO) of widely 
differing rank were characterized by procedures previously developed 
for petroleum (3,4,7) and by ASTM methods. The liquids were pre- 
pared and upgraded by hydrogenation in a batch autoclave under con- 
ditions intended to minimize cracking of the hydrocarbons (especially 
those of cyclic and aromatic structure) and yet produce most of the 
liquid hydrocarbons potentially obtainable from a given coal. The 
extent of the hydrogenation/hydrogenolysis (henceforth referred to 
as hydrogenation) of the raw coal liquids was adjusted as required 
to decrease the nitrogen content to about 0.2 to 0.3 weight-percent 
with the additional intent of providing a predominantly hydrocarbon 
liquid for analysis. Details of the coal liquid preparations have 
been reported previously (9,lO). This report covers the character- 
ization of the coal liquids and possible implications in relation to 
refining . 
several indicate a relationship between the rank of the coal and 
the complexity of the hydrocarbon groups in the coal and in its 
liquefaction products. This subject was reviewed in some detail in 
our previous reports (9,lO) and will only be summarized and updated 
here. Early German work indicated that the lower-rank brown coals 
(lignite) were more reactive, requiring less hydrogen pressure, and 
produced smaller polynuclear hydrocarbon units (18) than bituminous 
coals. Also, the asphaltene content of the coal liquids decreased 
with the coal rank to a minimum for sub-bituminous coals. Early 
work by the U.S. Bureau of Mines produced similar results (14). Low 
rank coals were found to be so reactive that, at a reaction temper- 
ature of 430° C, high hydrogen pressure was required to prevent 
repolymerization of reactive fragments to coke. More recent studies 
have shown that the product from the liquefaction of a Utah sub- 
bituminous coal with hydrogen donor solvent (6) contained less ben- 
zene insoluble material than that from Pittsburgh bituminous coal. 

Although the literature suggests that the complexity of hydro- 
carbon groups in coal and coal liquefaction products can differ sub- 
stantially with the rank of the coal, specific data are sketchy and 
sometimes appear to be contradictory. A recent report on the com- 
parison of solvent-refined lignite and solvent-refined sub-bitumin- 
ous and bituminous coals ( 2 )  indicates hardly any difference among 
the products in terms of gross combustion analysis, acid and basic 
titres, molecular weight, and nuclear magnetic resonance, ultraviolet 
and electron spin resonance spectra. Only the nitrogen content of 
the coal was reflected in the solvent-refined products. However, in 
another recent study of a lignite, a bituminous coal, and an anthra- 
cite coal, analysis of the organic compounds trapped in the coals 
and contained in the products of selective oxidation indicated an 
increased condensation of aromatic rings with increasing rank (8). 
Analysis was performed by gas chromatography/time-of-flight mass 

Among the many reports in the literature on coal liquefaction, 
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spectrometry and high resolution mass spectrometry. Furthermore, an 
extensive, detailed study revealed compositional differences in the 
pyridine extracts of three coals of different rank and also in their 
liquefaction products produced by the Synthoil process (1). For 
example, larger quantities of saturates and higher percentages of 
lower ring number saturate compound types were observed in the two 
higher rank coal extracts. However, the ring distributions of the 
aromatic fractions from the coal extracts indicated slightly higher 
average ring numbers for the higher rank coals. 

Similar results were obtained in a study characterizing liquid 
products obtained from six coals of different rank by treatment of 
the coals with NaOH-alcohol for one hour at 300' to 350' C (11). 
Characterization by elemental analysis, molecular weight determin- 
ation, and proton NMR indicated that the younger (lower-rank) coals 
gave simpler products with primarily tetralin-type nuclei and more 
abundant ether linkages than the higher rank bituminous coals which 
yielded products with five to six rings, about two of which were 
naphthenic. Similarly, in Japanese studies of pyridine extracts of 
coals of different rank (17), analysis by proton NMR indicated more 
condensed aromatic rings with less substitution and shorter aliphatic 
chains in the higher rank coal extracts. Extracts from bituminous 
coals contained an average of four or five aromatic rings with side 
chains averaging three or four carbons in length, whereas a lignite 
extract had an average of one or two aromatic rings with seven- or 
eight-carbon, aliphatic side chains. Finally, a study using carbon-13 
NMR to characterize a hard-coal-tar pitch and a brown-coal-tar pitch 
indicated a predominance of fused aromatic ring systems with small 
amounts of methyl and hydroaromatic methylene groups for the hard- 
coal-tar pitch (5). The results for the brown-coal-tar pitch indi- 
cated primarily long, straight-chain aliphatics estimated at 25 to 
40 carbon atoms in length. 

The coal liquids characterized at the Bartlesville Energy Tech- 
nology Center to date have come from different projects in which the 
primary objective was the development of a specific process. This 
precluded a systematic study of the relationship of coal rank to coal 
liquid composition, which is the objective of this study. 

EXPERIMENTAL PROCEDURES 

The upgraded coal liquids were distilled with a metal-mesh- 
spinning-band still under vacuum to produce cuts at 200", 325O, and 
425' C. Asphaltenes were then precipitated from each 7425' c 
residuum dissolved in benzene by addition of 50 volumes of normal 
pentane (12). Further distillations on the asphaltene-free materials, 
at 202' C and 4 micron pressure using a wiped-wall molecular still, 
produced 425'-540' C distillate cuts and residua fractions. After 
removal of acids and bases from the <200° C distillates by extraction 
methods (16), an additional chromatographic separation with silica 
gel provided a check for the presence of olefins. No olefins were 
detected; thus, the acid- and base-free distillates were analyzed by 
ASTM D2789-71, Standard Method of Test for Hydrocarbon Types in Low 
Olefinic Gasoline by Mass Spectrometry. 

adapted from the characterization of heavy ends of petroleum (3,7). 
A schematic of the procedure is depicted in Figure 1. 
the procedures have been reported previously (3,7,15,16). Analyses 
of subfractions of aromatic concentrates separated by gel-permeation 
chromatography (GPC) were performed on a low-resolution CEC 21-103 C 
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mass spectrometer (MS) using low-ionizing energy electrons to pro- 
duce predominantly molecular ions. Compound-type assignments were 
made by means of previously established GPC-MS correlations and 
high-resolution mass spectral data for selected fractions. 
resolution, 70 eV, mass spectra were obtained on an AEI MS 3074 
mass Spectrometer. High- and low-resolution field-ionization Spectra 
of selected fractions, primarily polyaromatic-polar concentrates, 
Were obtained at Oklahoma State University on a CEC Model 21-110 B 
maSS Spectrometer fitted with a razor blade source (13). 

High- 

RESULTS 

Descriptions and analyses of the six coal samples used to pre- 
pare the coal liquids are summarized in Table 1. Physical and 
chemical property data for the eight coal liquids prepared from the 
six coals are summarized in Table 2. Included in Table 2 are data 
for repeat runs on Illinois No. 6 and Wyodak coals. The repeat run 
for the Illinois No. 6 coal was made because of changes in the pro- 
cedure instituted during the first liquefaction run, Illinois No. 6 
run 1. The changes involved a switch from CoMo to NiMo catalyst and 
a decrease in the maximum temperature from 425O to 400° C ( 9 ) .  Also, 
upgrading of the first Illinois crude liquid fell short of the tar- 
geted value of 0.2 to 0.3 percent nitrogen. The second Wyodak coal 
liquid was prepared from the same crude liquid as the first by 
upgrading according to the time-temperature profile used for the 
Illinois No. 6 run 2 liquid. It was noted previously, that the 
lower-rank coals reacted more readily and under milder conditions 
than those of higher rank for both the initial liquefaction and the 
upgrading of the raw coal liquids (9). Thus, the second Wyodak run 
was made to determine possible effects of the extent of upgrading 
upon liquefaction-product composition. 

summarized in Table 2 .  The results showed no large differences for 
the liquids, except for the extensively upgraded second Wyodak liquid 
which had a higher percentage of low-boiling material. Asphaltene 
content of the six "normally" upgraded liquids ranged from about 1 
to 7 percent. Inclusion of the second Wyodak and first Illinois 
liquids extended the ranges of asphaltene content from 0.1 to 14 per- 
cent. The asphaltene content correlated with the nitrogen content 
of the liquids, thus supporting the use of nitrogen content to moni- 
tor the extent of coal-liquid upgrading. 

content of the various distillation fractions obtained from each of 
the eight coal liquids. Nitrogen content increased for the higher- 
boiling distillates as expected. All sulfur values were low as 
expected. Nitrogen contents of the asphaltenes from the bituminous- 
coal liquids were higher than those from the lower-rank-coal liquids. 

Results from the dual silica-gel/alumina-gel adsorption chrom- 
atography separations of the 200°-325' C, 325O-425' C, and 425O- 
540° C coal-liquid distillates are summarized in Table 4. Data for 
the acid and base extracts of the polyaromatic-polar adsorption 
fractions are also included in Table 4. Detailed results from the 
analyses of the saturate concentrates and the fractions from the GPC 
separations of the aromatic concentrates are not reported here but 
will be published elsewhere. 
quantitative results for selected fractions from the GPC separations 
were checked by high-resolution electron-impact MS and by high- and 

Distillation results for the upgraded coal liquids are also 

Table 3 lists the specific gravity, nitrogen content, and sulfur 

Compound type assignments and the 
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low-resolution FI/MS. The results were consistent except for the 
indication of very small amounts of additional compound types con- 
taining s, NO, NO2, and 02- 

The characterization results from all fractions for each coal 
liquid were combined and expressed in terms of compound types con- 
taining the same number of total rings (aromatic and naphthenic). 
This scheme was chosen because of the different degree of saturation 
of aromatic rings in the upgrading of the crude liquids from dif- 
ferent coals, and the fact that liquefaction and upgrading reaction 
conditions were chosen to minimize hydrocarbon ring cracking re- 
actions. The results are summarized in Tables 5 and 6. 

DISCUSSION 

Examination of the data in Table 5 shows the coal liquids to 
be more alike than different with regard to distribution by ring 
number. Differences among the liquids from the several coals doubt- 
less were minimized because the upgrading was adjusted to eliminate 
heteroatoms to about the same level in most of the liquids. The 
greater reactivity of the lower-rank coals and the lesser required 
upgrading of their crude liquids was clear from the previously re- 
ported preparations (9). Some scatter in compositional data could 
be expected because of the variation of details of individual prep- 
arations. However, since conditions generally were such as to avoid 
cracking of hydrocarbons, especially hydrocarbon ring structures, 
differences or similarities in basic hydrocarbon structures should 
be valid. One of the largest uncertainties, is the extent of hydro- 
genation of aromatic hydrocarbon rings originally present in the 
coal. Total consumption of hydrogen was approximately constant, in- 
dependent of coal rank ( 9 ) ,  so that hydrogen consumed by reaction 
with high-combined oxygen in lower rank coals was counterbalanced by 
increased saturation of aromatic rings in the coals of higher rank. 
With the catalyst and conditions used, many of the polynuclear aro- 
matic structures originally present could be expected to hydrogenate 
partially to yield hydroaromatics in the upgraded liquids. The un- 
certainty in the extent of hydrogenation of aromatics is circumvented 
in part by counting total rings per molecule in the several distil- 
late fractions. 

and upgrading runs summarized in Table 6 indicate very little dif- 

especially in the lower-ring-number compounds. The largest effect 
in switching from CoMo to NiMo catalyst and decreasing the maximum 
reaction temperature from 425O to 400' C appears in the compound 
types containing four or more rings and in the asphaltene content. 
The second Illinois run with NiMo at 400' C maximum temperature pro- 
duced more 24-ring compound-type material at the expense of the 
asphaltenes. 

show that the extent of upgrading was an important factor in final 
product composition. The more extensive upgrading (Wyodak run 2) 
produced considerably higher yields of low-ring-number compound 
types. This was due only in part to more complete conversion of 
heteroatomic-ring compounds to hydrocarbons. Beyond that, some 
hydrocarbon cracking must have occurred. 

Comparison of the data for the Illinois run 2 and Wyodak run 2 
shows significantly higher yields of low-ring-number compound types 
for the liquid from the lower-rank Wyodak coal. However, since the 

Comparison of the data from the two Illinois No. 6 liquefaction 

~ ference in the products-in terms of ring number distributions 

A s  seen in Table 6, the ring-number data for the two Wyodak runs 
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Wyodak coal was more reactive, the extent of upgrading as seen in 
the nitrogen contents was much greater for the Wyodak coal even 
though the same upgrading temperature-time profile was followed in 
each case. These differences were in contrast to the data from the 
six coal liquids in Table 5 which were upgraded to about the same 
nitrogen content, and for which no clear trend in terms of yields 
Of compounds of equal ring number as a function of coal rank was 
evident. 

CONCLUSIONS 

On the whole, the compositional studies showed the coal liquids 
upgraded to about the same level of nitrogen removal were much more 
alike than different. There was some scatter in the compositions 
in terms of number of rings per molecule but no consistent trend 
with the rank of coal. Although the ranks of the coals used in this 
study covered the full range of practical interest for liquefaction, 
selection of additional coal samples covering an even greater range 
of coal rank might be of value in determining any possible depend- 
ence of coal liquid composition upon coal rank. 

for liquids from a given coal. More extensive upgrading produced 
larger amounts of low-ring-number compound types, due in part to 
greater removal of heteroatoms and to additional cracking of alkyl 
linkages between ring systems. 

Finally, taking the results of this compositional study in 
conjunction with the results of the preparation of the coal liquids, 
liquids from lower-rank coals were more easily upgraded and some- 
what more cracking to lower molecular weight components occurred 
at a given severity of upgrading. 

The extent of upgrading influenced the ring-number distribution 
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TABLE 1. - Analysis of coals, (weight p?) 

Montana Wyoming 
Source PA-WV Illinois W. KY (Colstrip) (Wyadak) N. Dakota 
Seam Pittsburgh No.6 -- Rosebud Lower Beulah Std. I 1  
Rank hxb A hvb B/C hvbB/C subb. A subb. C Lignite 

Proximate analysis, 
(as received) 

Moisture.. .... 1.7 7.8 2.9 4.2 10.9 28 .O 
Volatile matter 35.9 34.2 38.4 34.4 39.5 31 .O 
Fixed carbon . . 55.1 51.4 48.8 48.5 42.7 33.3 
Ash .......... 7.3 6.6 9.9 12.9 6.9 7.7 

Ultimate analysis, 
(moisture free) 

Hydrogen.. ... a. I 4.9 v.* 3.8 4.5 
Carbon ....... 76.9 75.2 70.2 65.2 66.8 63.5 
Nitrogen ..... 1.5 1.6 1.4 0.6 1 .o 0.9 
Sulfur ........ 1.6 1.5 4.3 1.8 0.5 1.3 

Ash .......... 7.4 7.1 10.2 13.5 7.8 10.7 

A ?  A 0  
-r., 

2 1  

Oxygen (diff) . 7.6 9.7 8.8 14.5 19.2 19.1 

~~ 

hvb B/C -- high volatile bituminous B or C 
subb. -- subbituminous 
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TABLE 4. - Fraction yields from adsorption chromatography and acid-base 
separations (weight percent) 

Cool 

Froctim 
Liquid 

Pittsburgh 

Colstrip 
Crude Distillate 

200 325' C Distillote 
Soturotn 
M m m r a o t i c s  
Diaraotics 
Poiyoraatic-Polar 
Lass 

325 - 425' C Dirtiilote 
Saturates 
Monmraaticr 
Diaromoticr 
Polpromotic-Polor 

PAP Hydrocorbmr 
PAP Acids 
PAP Baser 

1 5 s  

425 - 540' C Distillate 
Sotumtn 
Monmraaticr 
Diarmotics 
Polyaromotic-Polor 

PAP Hydrocarbons 
PAP Acids 
PAP Baler 

LOSS 

11.91 
7.77 
1.36 
.36 
.30 

5.44 
10.17 
2.52 
2.13 
1.93 

. I I  

.05 

.08 

2.26 
5.76 
5.78 

I I .87 
11.77 

.07 

.os 

.01 

54.9 
35.8 
6.3 
1.7 
1.3 

26.8 
50.1 
12.4 
10.5 
9.53 

.56 

.24 

.40 

8.8 
22.4 
22.5 
46.2 
45.8 

.29 

.I8 

.03 

200 - 325' C Dirtillote 
Saturates 
Monmraatics 
D imaot ic r  

Lass 
Polyoraotic-Polor 

325 - 425O C Distillate 
Soturoter 
Monmraatics 
Dimmatics 
Polyaromotic-Polar 

PAP Hydrocarbons 
PAP Acids 
PAP Barer 

L= 

425 -540' C Distillate 
Sotumtes 
M o n m r a d i c s  
Diaromoticr 
Polyoraotic-Polar 

PAP Hydrocorbonr 
PAP Acids 
PAP Bases 

LOU 

10.75 
8.92 
1.01 
.n 
.a5 

5.84 
8.52 
3.19 
3.42 
3.17 

.09 

.08 

.21 

3.15 
3.47 
4.38 
9.19 
8.79 

.I2 

.03 

.26 

50.0 
41.5 
4.7 
3.6 

.2 

27.7 
40.4 
15.1 
16.2 
15.0 

.41 

.37 
1 .o 

15.6 
17.2 
21.7 
45.5 
43.5 

.59 

.I4 
1.2 

I 

Illinois No. 6 Run 1 
Crude Distiliote 

7.92 
15.02 
2.37 
2 .oo 
0.0 

2.11 
6.91 
6.42 
5.26 
4.82 

. I 1  

.I4 

.I9 

.53 
1.30 
3.60 

11.06 
10.91 

.08 

.07 

.01 

29.0 
55.0 
8.7 
7.3 
0.0 

10.2 
33.4 
31 .O 
25.4 
23.3 

.51 

.66 

.w 

3.2 
7.9 

21.8 
67.0 
66.1 

.M 

.40 

.IO 

Wyodok Run 1 
Crude Distillate 

15.05 56.4 
10.12 37.9 
1.01 3.8 
.51 1.9 

0.0 0 .o 

6.99 32.8 
8.48 39.8 
3.11 14.6 
2.73 12.8 
2.56 12.0 

.08 .37 

.03 .I3 

.05 .25 

4.96 19.7 
4.W 19.7 
4.79 19.0 
10.48 41.6 
10.21 40.5 

.09 .34 

.03 . I 1  

.I6 .63 

Illinois No. 6 Run 2 
Crude Distillate 

11.75 
13.81 

1.54 
..Bo 
0.0 

3.87 
9.70 
5.09 
3.67 
3.40 

. I I  

.IO 

.23 

.80 
I .80 
4.82 

14.79 
14.54 

.I3 

.IO 

.01 

42.1 
49.5 
5.5 
2.9 
0.0 

17.2 
43.1 
22.6 
16.3 
15.10 

.47 

.43 
1.10 

3.6 
8.1 

21.7 
66.6 
65.5 

.59 

.45 

Wyodak Run 2 
Crude Distillate 

22.73 75.0 
6.24 20.6 

.51 I .7 

.48 1.6 

.34 1 . 1  

11.77 61.6 
4.22 22.1 
1.64 8.6 
1.47 7.7 
1.34 7.0 
.IO .52 
.01 .03 
.02 .I5 

8.86 35.0 
5.46 21.6 
3.74 14.8 
7.24 28.6 
6.93 27.4 

.I4 .55 

.02 .a4 

.I5 .60 

Western Kentucky 
Crude Distillate 

11.82 
12.01 

I .31 
.65 
.31 

4.92 
9.46 
4.47 
3.97 
3.58 

. I 1  

.09 

.I7 

2.17 
2.36 
4.36 
9.27 
9.05 
.IO 
.04 
.32 

45.3 
46.0 
5.0 
2.5 
I .2 

21.6 
41.5 
19.6 
17.4 
15.7 

.47 

.3 

.80 

11.8 
12.8 
23.7 
M.4 
49.2 

* 55 
.21 

1.7 

Lignite 
Crude Distillotc 

11.71 48.8 
10.13 42.2 
1.02 4.2 
1.15 4.8 
0.0 0.0 

5.22 25.2 
7.87 38.0 
3.29 15.9 
4.05 19.6 
3.62 17.5 

.I6 .76 

.I8 .88 

.36 1.7 

2.70 13.8 
2.88 14.7 

10.29 52.5 
10.09 51.5 

3.49 17.8 

. I I  .5B 

. I I  .54 

.22 1 .1  
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TABLE 5. - 

Wycdok 
Run 1 

5.7 
16.9 
17.0 
15.6 

29.6 
1.2 

11.2 
.2 
.1 

2.5 

55.2 

No. \ I  Liquid 
of Rings 

0 
1 

Lignite 

3.6 
14.4 
15.0 
15.3 

24.5 
6.7 

15.0 
.3 
.3 

4.9 

4a;3 

2 
3 

Sum 0 to 3 
>4 

As$altenes 
>540° C Resid 
Acids 
Bases 
Other1 

Comparison o f  six coal liquids based on 
ring number, and asphaltene and 
residuum content (weight percent - 

total coal l iquid basis) 

Pittsburgh 

1.8 
12.1 
12.9 
15.2 
42.0 
32.2 
4.7 

16.2 
.2 
. 1  

4.6 

Illinois 
No. 6 
Run 2 

1.9 
12.2 
17.4 
17.1 
48.6 
31.9 
6.8 
7.5 

.2 

.2 
4.8 

Western 
Kentucky 

4.8 
15.7 
16.9 
15.8 
53.2 
27.9 
5.2 
9.3 

.2 

.1 
4.1 

Colstrip 

4.4 
11.7 
13.8 
14.8 
44.7 
27.6 
6.6 

18.4 
.2 
.1 

2.4 

1 

Includes unknowns, material not analyzed due to insufficient sample, and material lost i n  
separations. 

TABLE 6. - Ring number distributions for coal liquids produced 
from Illinois No. 6 and Wvodak coal usina 

I 

different Processina conditions 

/ Coal 

0 
1 
2 
3 

>4 
A sphafienes 
>540" C Resid 
Acids 
Bases 
Unknown 

and Losses 

I I I inois 
No. 6 
Run 1 

2.1 
11.4 
16.1 
17.3 
27.0 
14.3 
6.4 

.2 

.2 

5 .O 

I I I inois 
No. 6 
Run 2 

1.9 
12.2 
17.4 
17.1 
31.9 
6.8 
7.5 

.2 

.2 

4.8 

Wyodak 
Run 1 

5.7 
16.9 
17.0 
15.6 
29.6 

1.2 
11.2 

.2 

.1 

2.5 

Wyodak 
Run 2 

6.2 
21.6 
20.1 
16.9 
26.4 

. I  
6.3 

.2 
tr 

2.2 
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CHEMICAL COMPOSITION OF RAW AND UPGRADED 
ANTHRACENE OIL AND THE CHEMISTRY OF COAL 

LIQUIDS UPGRADING(1) 

S. E. Scheppele(Z)*, G. J. Greenwood*, 
R. J. Pancirov**, and T. R. Ashe** 

Department o f  Chemistry*, Oklahoma State Un ive rs i t y ,  S t i l l w a t e r ,  OK 74074 
and Exxon Research and Engineering Co.**, Linden, NJ 07036 

INTRODUCTION 

Anthracene o i l  was hydrotreated us ing f low-through t r i ck le -bed  reactors  con- 

t a i n i n g  Co-Mo-alumina ca ta l ys ts  (3). 
Samples o f  the feedstock and f o u r  reac t i on  mixtures were separated us ing cat ion,  

anion, and complexation chromatography (4) .  
percents o f  the i nd i v idua l  homologs present i n  the acid, base, neutra l  n i t rogen,  
and hydrocarbon + ether  (neu t ra l )  f r a c t i o n s  were determined from high- and low- 

reso lu t i ons  FI /MS and h igh-resolut ion 70-eV E I / M S .  
were subjected t o  GC/MS analys is .  

The condi t ions are spec i f i ed  i n  Table I. 

The compound types and the weight 

The basic and neu t ra l  f r a c t i o n s  

RESULTS AND DISCUSSION 

The s a l i e n t  r e s u l t s  are summarized. Hydrocarbons con ta in ing  three aromatic 

The parent member o f  the -18(H)Z r i n g s  account f o r  E. 40% o f  the feedstock. 
se r ies  (C H ) was p repara t i ve l y  i s o l a t e d  using GC and i d e n t i f i e d  as 2 9 8 %  
phenanthrene. 
low-temperature coal t a r s  has been p rev ious l y  noted (5-10). 
assumably i t s  a l ky la ted  homologs comprise the -18(H)Z se r ies  and account f o r  15.6% 

o f  the feedstock. 
The data i n  Table I 1  demonstrate the occurence o f  extens ive phenol deoxygena- 

14 10 
The dominance o f  phenanthrene over anthracene i n  both high- and 

Thus, phenanthrene and 

t i o n .  
i s  ind icated t o  be independent o f  the experimental condi t ions.  However, the 
weight percents f o r  the lower -Z(O) and -Z(02) ser ies reveal  t h a t  the increased 

reac t i on  time d i d  no t  overcome the e f f e c t  o f  a decrease i n  temperature upon r e a c t i v i -  

ty. 
cates a very small ne t  e f f e c t  o f  decreases i n  both H2 pressure and space t ime and 

c a t a l y s t  change on deoxygenation. 
The ac id  f r a c t i o n  contains s i g n i f i c a n t  amounts o f  -Z(N) compound types. These 

compounds and a l so  the ones present i n  the neutra l -n i t rogen-conta in ing f r a c t i o n  are 
i nd i ca ted  t o  conta in  the  p y r r o l e  nucleus based upon the chemistry associated w i t h  the 

separation and both the molecular weights and fonnulas f o r  the f i r s t  homolog observed 

The r e a c t i v i t y  o f  -18(0) through -22(0) and -18(02) and -22(02) compounds 

Comparison o f  the data i n  columns 6 and 7 w i t h  those i n  columns 3 and 4 i n d i -  
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for each compound type. 
the first homolog in the -9(N), -15(N), and -21(N) series are those expected for 
indoles, carbazoles, and benzocarbazoles, respectively. Comparison of the weight 
percents in columns 4 through 7 with the ones in column 3 of Table 111 reveal a 
net nonreactivity for compounds containing the pyrrole nucleus under the specified 
conditions. 

The base fraction from the feed was found to contain -5(N) through -23(N) and 
-27(N) compound types. 
composed of compounds possessing the pyridine nucleus based upon the chemistry 
associated with the separation, the formulas for the first homolog observed in 
each series, and GC/MS analysis. 
is the most abundant one, accounting for 28.8% of the base fraction. The principal 
components are assumably isomeric azaphenanthrenes and variously a1 kylated homologs 
possessing up to 5 alkyl carbons. 

one, accounting for 9. 23.5% of the base fraction. The first members of this 
series, quinoline and isoquinoline by GC/MS, account for 0.9 percent of the feed- 
stock .  I t  i s  interesting to note that isoauinoline accounts for 1/2 to 2/3 of 
this total. 

pound types. The molecular formulas correspond to compounds containing both 
furan and pyridine nuclei. 
in excess of 40 heterocyclic compounds containing two nitrogen atoms (11). 
appears to be the first report of numerous CNH2N+Z(N )N2 compounds in coal liquids 
and only the second instance (12) in which dinitrogei compounds have been observed 
in these materials. 

base fractions is significantly increased under all conditions used (see Table I) 
in hydrotreating the anthracene oil. 
tant and product bases comprising the 129-139 molecular-weight series. The moles 
of quinoline (I) and isoquinoline (11) in the feed are 9. L Z X ~ O - ~  and 4.4X10-3, 
respectively, by GC/MS. In addition, GC/MS reveals the absence of I 1  in the reac- 
tor bases. 
hydroquinoline (IIIa) and the absence of both 5,6,7,8-tetrahydroquinoline (IIIb) 
and tetrahydroisoquinolines (IV). Finally, the GC/MS analyses confirm the pres- 
ence of minor and significant amounts of 2-propylaniline ( V )  in the feedstock 
and reactor-1 bases, respectively. 
consistent with those obtained from reaction o f  I with H2 a) in a batch reactor 

For example, as seen in Table 111, the carbon number for 

These specific -Z series are indicated to be principally 

The-l7(N) series ranging from C13HgN to C18HlgN 

The -11(N) series ranging from C9H7N to Cl6HZ1N is the second most abundant 

The feedstock base fraction also contains -11 (NO), -19(NO), and -21 (NO) com- 

It is interesting to note that this fraction contains 
This 

The mass spectral and the GC/MS data demonstrate that the complexity of the 

Table IV presents mole data for the reac- 

In  regard to C9H11N, GC/MS indicates the presence of 1,2,3,4-tetra- 

These results are at least qualitatively 
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using MoS2 as the catalyst (13) and b) in a high-pressure/high-temperature 
liquid-phase reactor using a variety of metal catalysts (14) and from the MoS2 cata- 
lyzed reaction of I1 with H2(13). 

IIIa and IIIb. The apparent presence of IIIa and the apparent absence of IIIb 
in the products is at least qualitatively consistent with the considerably 
greater reactivity of the latter compared to the fonner (14). 
reactivity relationships provide a preference for hydrogenolysis of the N-C(2) 
bond rather than the C(8a)-N bond in IIIa producing V rather than 3-phenylpro- 
pylamine. Both IIIa and IIIb are converted to decahydroquinoline (VI), mass 139; 
the rate constant for the latter conversion is significantly greater than the one 
for the former (14). The absence of significant amounts of VI in the products is 
consistent with its facile conversion to hydrocarbons and NH3(13,14). 

The only nitrogen containing compounds observed from the MoS2 catalyzed re- 
action of H2 and I1  were IV and decahydroisoquinoline (VII) (14). 
product. 
Hydrogenolysis of either the N-C(3) bond or the N-C(2) bond in IVa produces either 
2-ethylbenzylamine (VIII) or 2-(2-methylphenyl)ethylamine (IX), respectively. 
Since VI11 and IX contain a benzylic and aliphatic NH2 group, respectively, their 
denitrogenation should be facile. In contrast, the NH2 group in V, see Scheme 1, 
is aromatic and, hence, as observed would be expected to undergo hydrogenolysis 
less readily. Alternatively, hydrogenation of IVa and IVb produces VI1 which in 
turn suffers hydrogenolysis producing hydrocarbons plus NH3. 

Table V lists the furan- and thiophene-compound types present in the neutral 
fractions from the feed and the products. 
identified by GC/MS. Carbon-number distributions for these compound types in the 
feed and in selected reactor samples are also given in Table V. Table VI presents 
carbon-number distributions for the hydrocarbons in the feed and reactor sample 1. 

The weight percents in Table V indicate that the furans were markedly resis- 
tant to both hydrogenation and hydrogenolysis under the experimental conditions. 
It should be noted that on a lOOg basis the moles at C-16 and C-17 in the -22(0) series 
are 2.8X10-3 and 1.8X10-3 less in product 1 than in the feed. 
crease approximates the increase of 1.8X10-3 and lX10-3 moles of C-16 and C-17 
homologs in the -18(0) series in product 1. 
reactor-sample 3. 
produces tetrahydroderivatives. 
least hydrogenation appears surprising. 

As shown in Scheme 1 (14), rapid catalytic addition of H2 to I produces 

Structure- 

VI1 is a minor 
As shown in Scheme 2, I1  reacts with H2 producing either IVa or IVb. 

Dibenzofurans and dibenzothiophenes were 

However, this de- 

Similar results are observed for 
This result suggests the hydrogenation of benzonaphthenofurans 

The apparent unreactivity of the furans towards at 
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The weight presents in Table V demonstrate that the thiophenes were very re- 
active toward sulfur removal under all experimental conditions. The absence of 
partially hydrogenated thiophenes in the products is consistent with the mechanism 
of dibenzothiophene desulfurization(l5). 

sample 1 in Table VI reveals that the hydrotreating process significantly a) reduced 
the amount of aromatic and b) increased the quantity of hydroaromatic hydrocarbons. 
The occurrence o f  compound crossover in a number of these series, e.g., -14(H), 
-18(H), and -20(H), does not negate this conclusion although it complicates data 
interpretation. However, the following examples illustrate the qualitative infor- 
mation which can be deduced concerning the chemical processes occurring during 
hydrotreating. Dihydrophenanthrene (C14H12), tetrahydrophenanthrene (C14H14), and 
octahydrophenanthrene (C14H18) which are produced in chromia-alumina hydrotreating 
of phenanthrene(l6) were identified in the product mixtures. Other C-14 compounds 
(16) involved in this process are 2-ethylbiphenyl, -14(H), 2-butylnaphthalene, 
-12(H), and 6-butyltetralin, -8(H). Reactor-sample 1 contains g. 0.03 more moles 
of C-14 compounds in the -8(H) through -16(H) series than does the feed on a lOOg 
basis. The former contains 0.018 fewer moles o f  phenanthrene than does the latter. 
This result suggests that the mechanism for hydrogenation o f  phenanthrene over 
chromia-alumina is at least qualitatively applicable to the conditions specified 
in Table I and that other compounds must contribute to the C-14 pool. 
gard, phenanthrene is a product in the hydrocracking of pyrene(l7). 

of the CIZH10 hydrocarbons in the feed and reactor-sample 1, respectively. On a 
100g basis, these values combined with the weight percents in Table VI result in 
a decrease of 14 millimoles in acenaphthene and an increase of 16 millimoles in 
tetrahydroacenaphthene between feed and products. This surprisingly good agree- 
ment suggests that the former is hydrogenated to the latter. 
duct mixture contains s. 6 millimoles more biphenyl than does the feed. 
sult is not inconsistent with the expected formation of 4 millimoles from desulfuri- 
zation( 15) of di benzothiophene. 

the feedstock to 7.0 in reactor-sample 1 and the distributions of weight percents 
across both the -8(H) and -12(H) series cannot be entirely explained by hydro- 
genation in the naphthalene family(l7). Rather these results point to hydro- 
genationlhydrogenolysis of higher-mol ecular-weight hydrocarbons and/or heteroatom- 
containing compounds. 

Comparison of the carbon-number distributions for the feedstock and reactor- 

In this re- 

By GUMS, acenaphthene and biphenyl account for 94% and 6% and 43% and 17% 

Furthermore, the pro- 
This re- 

Finally, the increase in the weight percent of the -8(H) Z-series from 0.4 in 
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TABLE I 

CONDITIONS FOR HYDROTREATING ANTRACENE OIL 

REACTOR-SAMPLE 

1 2 3 4 

Reactor Temperature (OF) 700 600 700 700 

Reactor Pressure (ps ig )  1000 1000 1020 507 

Space t ime ( h r s )  1.48 2.50 0.75 0.75 

Ca ta l ys t  Nalco Spher icat  Harshaw HT 400 

474 

TABLE I 1  

SUMMARY DATA FOR OXYGEN-CONTAINING ACIDS I N  
FEEDSTOCK AN0 UPGRADED ANTHRACENE OIL 

-2 Parent Weight Percent i n  
Formula Feedstock Reactor-Sampl es 

1 2 3 4 

'sH6' 

C9H1 0 

C12H100 

'1 OH8' 

C13H100 

C14H100 

'1 6H1 2' 

C16H100 

'1 ZH8O2 

'1 4H1 0'2 

C16H1002 

4.0 

0.5 

1.0 

1.5 

1.2 

0.3 

0.4 

0.1 

2.8 

0.1 

0.1 

0.1 0.9 0.3 0.8 

0.2 0.5 0.4 0.2 

c 0.0 c 0.1 0.0 0.0 

c 0.1 0.5 0.3 0.3 

0.1 0.5 0.3 0.3 

0.0 c 0.1 0.0 0.0 

0.0 0.2 0.1 0.2 

0.0 0.1 0.1 c o . 1  

0.0 0.4 0.0 < O . l  

0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 
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TABLE 111 

SUMMARY DATA FOR CNH2N+Z(NIN COMPOUNDS 
I N  THE A C I D  AND NEUTRAL-NITROGEN FRACTIONS FROM 

FEEDSTOCK AND HYOROTREATEO ANTHRACENE OIL 

- Z ( N )  Parent Range I n a  Weight Percent I. 

Formula N Feedstock Reactor-Sampl e” 
1 2 3 4 

9-12 0.2 <0.1 0.1 0.1 0.1 

12-16 1.8 1.6 1.4 1.9 1.6 

9 C8H7N 

15 ‘1 1H7N 

17 C13HgN 14-17 0.2 0.2 0.2 0.4 0.1 

19 C13HllN 14-18 0.2 0.2 0.1 0.1 0.1 

16-17 0.3 0.3 0.2 0.2 0.1 21 ‘1 gHgN 

aValues f o r  feedstock. bCondit ions spec i f i ed  i n  Table I .  

TABLE I V  

MOLES OF BASES AT MOLECULAR WEIGHTS 129-135 
I N  FEED AN0 REACTOR-SAMPLE 1 

Mass Formula MolesaX103 In 
Feedstock Reactor Sample l b  

129 C9H7N 6.6 0.4 

0.2 1.1 133 CgH1 1 
135 CgH1 3N 0.2 1.8 

139 ‘gH1 7N 0.006 

TOTAL 7.0 3.3 

aCalculated per lOOg o f  feed. bCondit ions spec i f i ed  i n  Table I .  
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Liquid Sulfur Dioxide - A s  An Agent 
f o r  Upgrading Coal Liquid 

C. V .  Ph i l ip t ,  Ralph A .  Zingaro* and 
Rayford G. Anthonyf 

Departments Chemical Engineeringt and Chemistry* 
Texas A6M University 

College S ta t ion ,  Texas 77843 

INTRODUCTION 

An approach t o  processing coal-derived l iqu id  i s  t o  u t i l i z e  advanced 
petroleum ref ining technology. 
coal  l iqu id  current ly  produced from the  p i l o t  p lan ts  is d i f f e r e n t  from t h a t  
of petroleum crude. 
s t r i k i n g  s imi la r i ty  i n  the  na ture  of major chemical species  present i n  t h e  
coal  l iqu ids  from d i f f e r e n t  sources. 
l iqu ids  and various d i s t i l l a t i o n  c u t s  show t h a t  coal  l iqu ids  a r e  composed of 
bulk species  such as s t r a i g h t  chain hydrocarbons, 'asphal tenes ' ,  one o r  two 
r ing  alkylated aromatics (such a s  a lkylated benzenes, indans and naphthalenes), 
phenols (alkylated phenols, indanols and naphthols). S t ra ight  chain hydrocar- 
bons include s l i g h t l y  branched hydrocarbons such a s  p r i s t i n e  and phytane and 
long chain monoolefins. The concept of using su l fur  dioxide f o r  upgrading coa l  
l iqu id  is  very a t t r a c t i v e  due t o  the f a c t  t h a t  s u l f u r  i s  going t o  be one of the  
l a r g e  byproducts of any coal  conversion technology. Liquid s u l f u r  dioxide is a 
very good solvent f o r  most of the bulk species  i n  any coa l  l iqu id  except f o r  
saturated hydrocarbons. Now the  coal  l iquefac t ion  technology i s  very cos t ly  
due t o  several  f a c t o r s  including consumption of l a r g e  quant i t ies  of hydrogen t o  
l iquefy coal. 
from the coal l i q u i d  has grea t  economic i n t e r e s t .  

Physical and chemical c h a r a c t e r i s t i c s  of the 

Although var ious coals  may appear d i f f e r e n t ,  there  i s  a 

Analyt ical  data  (1 t o  7) on var ious coal 

The recovery of saturated hydrocarbon, the  hydrogen r i c h  f rac t ion ,  

EXPERIMENTAL 

Since l iqu id  s u l f u r  dioxide b o i l s  a t  -10'C. the  ex t rac t ion  can be conducted a t  

When a coa l  l iqu id  (usual ly  i n  a 
atmospheric conditions. The l i q u i d  s u l f u r  dioxide is obtained by cooling the gas 
from the  cylinder using Dry Ice-acetone mixture. 
waxy s t a t e )  is t rea ted  with l i q u i d  su l fur  dioxide, t h e  insolubles  remain with the 
minerals and the coal  fragments as a s o l i d  res idue.  The SO2- solubles  a r e  separated 
from the  insolubles  by f i l t r a t i o n .  from the 
SO - solubles. The hydrocarbons i n  the  S O 2  insoluble  res idue  a r e  separate2 from the 
mizerals and coal  fragments by soxhlet  ex t rac t ion  with te t rahydrofuran (THF-additive 
f r e e ) .  Both SO - so lubles  and the  THF ext rac t  of SO - insolubles  were separated by 
GPC. 
system uses four lO0A VStyragel columns ( t o t a l  length: 120 cm.) and THF (dry, addi- 
tive free)as  the  l iqu id  mobile phase. 
solubles  were separated i n t o  four f r a c t i o n  by GPC. Since the  preliminary t e s t s  re- 
vealed t h a t  the THF e x t r a c t  of the  SO2 insolubles  a r e  mostly saturated hydrocarbons 
and other  major bulk species  are absent ,  t h e  GPC did not  play a s i g n i f i c a n t  r o l e  i n  
the  separation except t o  remove t h e  gc-nonvolatiles from the  sample, as  they belong 
t o  la rger  l i n e a r  molecular s ize .  The GPC f rac t ions  1 and 2 of SO - so lubles  a r e  gc- 
nonvolat i les  and they can not be analyzed by GC-MS. 
by GC-MS. Proton nmr and i r  gave some q u a l i t a t i v e  information on the  nonvolat i les .  

The f i l t r a t e  i s  degased t o  remove SO 

The d e t a i l s  of GPC separat ion technique i s  pubzished elsewhere(7). The GPC 

Two hundred p 1  of 50% THF so lu t ions  of the SO2- 

A l l  other  f r z c t i o n s  were analyoed 



RESULTS AND DISCUSSION 

Liquid su l fur  dioxide was used to  separa te  two coal  l i q u i d s  produced from West 
Virginia  subbituminous coal  and North Dakota l i g n i t e .  The samples w e r e  obtained from 
the  p i l o t  plant  a t  Pi t tsburgh Energy Technology Center where SRC I process w a s  used 
f o r  the  l iquefact ion.  Since the l iqu id  s u l f u r  dioxide separat ion of saturated hydro- 
carbons from the  coa l  l iqu id  worked equal ly  wel l  f o r  both coal  l iqu ids  only t h e  
separat ion of SRC from West Virginia  subbituminous coal  is  discussed i n  d e t a i l  f o r  
t h e  ana ly t ica l  evaluation of the SO2 separa t ion .  Figure 1 is the  GPC of SRC from the  
subbituminous coal. The components of the  coa l  l iqu id  a r e  separated i n  the  order  of 
decreasing l i n e a r  molecular size(1o). For a n a l y t i c a l  convenience the e f f l u e n t s  from 
the  GPC were col lected as  four f rac t ions .  Fract ion 1 is composed of high molecular 
weight species  which a r e  nonvolat i les  f o r  gc separat ions.  Fraction 2 i s  composed of 
sa tura ted  hydrocarbons, which could be separated and ident i f ied  by GC-MS and 'asphal- 
tenes '  (9)-a mixture of high molecular weight species  which have comparable l i n e a r  
molecular s i z e  to  s t r a i g h t  chain alkanes i n  the  range n C14H38 t o  n c44Hgo. Vaccum 
d i s t i l l a t i o n  separates  the  nonvola t i le  asphal tenes  from the  v o l a t i l e  alkanes. Frac- 
t i o n  3 is  composed mostly of phenols which have an ' e f fec t ive  l i n e a r  molecular s i z e '  
of normal alkanes ranging from C7H16 t o  C13H28. Each molecule of phenol has a tend- 
ency t o  hydrogen bond with one molecule of THF t o  r e s u l t  i n  an increase i n  e f f e c t i v e  
l i n e a r  molecular s i z e  by 3 t o  4 l i n e a r  carbon u n i t s  (propane t o  butane s i z e ) .  Frac- 
t i o n  4 i s  mostly aromatics. I n  a non hydrogen bonding system such a s  toluene both 
phenols and aromatics w i l l  have s imi la r  molecular s i z e  and hence they could not be 
separated by GPC using toluene as  the  mobile l iqu id  phase. 

A s  i n  the  
case of t h e  sample i n  Pigurc 1, the G?C e f f l u e n t  was col lected as  four f rac t ions .  
After  SO2 treatment the  GPC areas  of f r a c t i o n  1 and 2 have decreased and theanalys is  
of f rac t ion  2 of S 0 2 - s o l u h l e s  does not show any alkanes. 
Fract ion 2 a f t e r  evaporating a l l  the  THF shows the  following composition 

Figure 2 i s  the GPC of S02-so lubles  of SRC from subbituminous coal .  

Elemental ana lys i s  of 

C H S N 0 

83.79% 7.39% 3.96% 1.64% 3.22%(by d i f f . )  

The proton nmr spectra  of f r a c t i o n  2 of SO -solubles  resembles the  nmr of asphaltenes 2 
reported by other  workers( l ) .  
agrees with the  published values  f o r  coa l  derived a ~ p h a l t e n e s ( l 3 ~ ) .  Fract ions 3 and 4 
of S02-solubles were separated and i d e n t i f i e d  by GC-MS (see f i g u r e  4 and 5). 
f r a c t i o n s  contain only a small amount of alkanes. The components a r e  l i s t e d  i n  Table 
I and 11. 

the  THF ext rac t  is  shown i n  f i g u r e  6 and the  components a r e  l i s t e d  i n  Table 111. 
THF ext rac t  is f r e e  of any phenols o r  aromatics and contains only s t r a i g h t  chain hydro- 
carbons showing the i n s o l u b i l i t y  of s t r i a g h t  chain hydrocarbons a s  w e l l  a s  branched 
sa tura ted  hydrocarbons i n  l i q u i d  SO2 even a f t e r  s t i r r i n g  the sample i n  SO2 f o r  several  
hours. 

dioxide,  the  bulk of the  coal  l iqu id  dissolved except the saturated hydrocarbons and 
the  mineral r i c h  residue.  The S02-soluble par t  did not contain any sa tura ted  hydro- 
carbons. The THF e x t r a c t  of the  inso lubles  were mostly alkanes ranging from n-dodecane 
(C12H26) t o  n- te t ra te t racontane (C44HgO). 

Since most of t h e  coa l  l i q u i d s  a r e  composed of more or  l e s s  s imi la r  major species ,  
may d i f f e r  i n  composition, l iqu id  s u l f u r  dioxide can be used t o  ex t rac t  a l l  t h e  aromatic 
species  of t h e  coal l i q u i d ,  which i s  f r e e  of saturated hydrocarbons and ash  percursors. 
After  degasing SO2, d i s t i l l a t i o n  under reduced pressure can y ie ld  a l l  the  phenols and 
aromatics from the SOz- solubles  of t h e  coa l  l iqu id .  
less i d e n t i c a l  t o  GPC-Fraction 2 of SO2- solubles  can be cal led coal asphaltenes. 

The elemental composition and the  GPC s i z e  d i s t r i b u t i o n  

These 

Figure 3 shows the GPC of t h e  THF e x t r a c t  of the  S02-insolubles. The GC-MS of 
The 

When SRL produced from North Dakota l i g n i t e  was t rea ted  with l iqu id  s u l f u r  

The residue which i s  more or  
The 
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average molecular size of coal asphaltenes (linear molecular size is more precise 
since it is derived from GPC data) is smaller than that of petroleum derived asphal- 
tenes. 
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Our unpublished GC-MS data on various coal liquids and distillation cuts. 

The term 'asphaltene' is used for the coal liquid fraction which is nonvolatile 
but soluble in tetrahydrofuran(THF) and SO2 currently. 

GPC is used for molecular weight determinations as well as for molecular size 
determinations. 
normal alkanes, amines, alcohols, multi-ring aromatics and etc. shows that the 
retention volume is a function of the length of the molecule rather than molec- 
ular volume or any other molecular size parameters. 
that it is quite appropriate to say that GPC separations are on the basis of 
linear molecular size rather than just molecular size. 

Our unpublished GPC data on a number of compounds such as 

Therefore, authors think 
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Table I Phenolic Fraction (GPC Fraction #3 From SO2 - Solubles) 

Retention Time 
(min) 
4.5 
6.7 
7.7 
9.9 
11.0 
11.6 
12.1 
13.0 
13.5 
14.1 
14.6 
15.5 
16.2 
16.7 
17.3 
18.0 
18.5 

19.3 
19.6 
20.1 
20.5 

Compound 
Phenol 
o-Cresol 
p-Cresol + m-Cresol 
C2-Alkylphenol 
C2-Alkylphenol 
C2-Alkylphenol 
Cp-Alkylphenol 
C3-Alkylphenol 
C 3-Alkylphenol 
C3-Alkylphenol 
C3-Alkylphenol 
Cg-Alkylphenol 
C3-Alkylphenol 
C3-Alkylphenol 
C3-Alkylphenol 
C3-Alkylphenol 
C4-Alkylphenol + 
n Dodecane (trace) 
C4-Alkylphenol 
C4-Alkylphenol 
C4-Alkylphenol 
C4-Alkylphenol 

Retention Time 
(min) 
21.7 
22.3 
23.2 

24.3 

24.8 
25.7 
26.2 
26.6 
27.1 
27.7 
28.3 
29.1 
30.2 
31.7 
32.6 
33.7 
34.4 
36.0 
36.5 
37.2 
38.2 

Compound 
Cq-Alkylphenol 
C4-Alkylphenol 
C5-Alkylphenol + 
Methyl Indanol 
C5-Alkylphenol + 
n C13H28 +Methyl Indanol 
Methyl Indanol 
125 -AlkylphenoZ 
Cg-Alkylphenol 
Cg-Alkylphenol 
Cg -Alkylphenol 
C2-Indanol + C5 Alkylphenol 
Cg-Alkylphenon + 
Dimethyl Indanol 
C6-Alkylphenol + n C14H30 (trace) 
C2-Alkylindanol + C6 Alkylphenol 
C2-Alkylindanol + C6 Alkylphenol 
Cg-Alkylphenol + C2 Alkyl Naphthol 
C6-Alkylphenol + C2 Alkyl Naphthol 
Cg-Alkylindanol 
Cg-Alkylindanol 
C3-Alkylindanol 
C1-Alkylnaphthol + C3 Alkylindavl 

Table I1 Aromatic Fraction (GPC fraction 14 From SO2 - Solubles) 

Retention Time 
(min.) 
3.6 
4.6 
5.4 
6.2 
7.3 
8.0 

9.4 
9.9 

10.3 
11.2 
12.1 

13.4 
14.5 
15.5 
16.3 
17.0 
17.1 
18.2 

8.8 

12.8 

Compound 
Phenol 
Cj-Alkylbenzene 
o-Cresol 
p-Cresol - 
m-Cresol 
C2-Alkylphenol 
C2-Alkylphenol 
C2-Alkylphenol 
C2-Alkylphenol + 
Methyl Indan + 
Methyl Indan 
C1-Alkylindan 
Naphthalene 
CZ-Alkyl Indan 
C 2-Alkylindan 
C2-Alkylindan 
C2-Alkylindan 
C2-Alkylindan 
C2-Alkylindan 
C1-Alkylnaphthalene 
Cg-Alkylindan + 
C1-Alkylnaphthalene 

Retention Time 
(min . ) 
18.9 

19.5 
20.2- 
21.5 
22.6 
23.4 
24.2 

24.6 

25.0 

25.5 

26.7 
27.5 
28.1 
28.7 
30.0 
31.7 

Compound 
C1-Alkylnaphthalene + 
C3 Alkylindan 
Cg-Alkylindan 
CyAlkylindan 
Cq-Alkylindan 
C4-Alkylindan 
C4-Alkylindan 
Cg-Alkylnaphthalene + 
Cq-Alkylindane 
Cq-Alkylindane + 
C2-Alkylnaphthalene 
Cq-Alkylindane + 
C2-Alkylnaphthalene 
C4-Alkylindane + 
CFAlkylnaphthalene 
Cp-Alkylnaphthalene 
C2-Alkylnaphthalene 
C5-Alkylindan 
C3-Alkylnaphthalene 
C3-Alkylnaphthalene 
C3-Alkylnaphthalene 



Table 111 Hydrocarbon Chains Separated from THF Extract 
of SO2 - Insolubles 

Retention Time 
(min . ) Compound 

Retention Time 
(min . ) Compound 

12.9 
13.6 
15.4 
16.7 
19.7 
21.0 
22.7 
25.6 
28.4 

Tridecane 
Tetradecane 
C14H30 
Pentadecane 
Hexadecane 
C16H3 
Heptaiecane + Pristine 
Octadecane 
Nonadecane 

31.0 
33.4 
35.9 
38.2 
40.4 
42.6 
44.7 
46.7 

Eicosane 
Heneicosane 
Docosane 
Tricosane 
Tetracosane 
Pentacosane 
Hexacosane 
Heptacosane 

- -1- 
0 IO 20 0 IO 20 ml 0 IO 20 

Figure I Figure 2 Figure 3 

Figure 1 .  
system consisted o f  four 100 A u Styragel coZwrms and the THF fZow rate of  1 ml/min. 

GPC separation o f  SRC from West Virginia subbitminous coal. The GPC 

Figure 2 .  
coal. 
Table I and 11). 

GPC separation o f  S02-soZubtes o f  SRC from West Virginia subbituminous 
Fraction 3 and 4 are identif ied by GC-MS (see f igures 4 and 5 as Ue11 as 

Figure 3. 
subbituminous coal. 
the identif ication of the compnents. 

GPC o f  the THF extract o f  SO -insolubles of SRC from West Virginia 
See f igure 6 for tge GC-MS o f  the extract ad TabZe III for 
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.. . 

Figure 4 

! 

Figure 5 

! 22 30 40 rnin 

Figure 6 

IO 20 30 40 47 min. 

Figure 4. Total ion gas chromatogram o f  GPC fraction 3 of S02-soZubles (Figure 21. 
CoZm:  5% Dexsil 300 on l O O / l Z O  Chromosorb H-W, 1 /8  i n .  od x 8 f t . ,  Carrier gas: 
20 m l  hetium/min., temperature program: 80-270'C a t  Z C / m i n .  for  40 min. followed by 
4"C/min. See Table I for  peak identif ication. 

Figure 5 .  
Same GC condition as i n  figure 4 .  

Total ion gas chromatogram of GPC fraction 4 of SO -solubtes (f$gure 21.  
See Table 111 for peak idegtif ication. 

Figure 6 .  Total ion gas chromatogrom of the THF extract of  SOZ-insoluble o f  SRC 
from !lest Virginia subbituminous coal. 
except the temperature program of 80 t o  270°C a t  4"C/min. see Table 111 for peak 
identif ication. 

GC corzlitions were same as i n  figure 4 

52 



HYDRODESULFURIZATION OF DIBENZOTHIOPHENE CATALYZED BY 
SU,LFIDED COO-Mo03/y-A1203: THE REACTION KINETICS 

D. H. Broderick and B. C. Gates 

Center for Catalytic Science and Technology 
Department of Chemical Engineering 

University of Delaware 
Newark, Delaware 19711 

INTRODUCTION 

A renewed interest in hydrodesulfurization has come about largely 
as a result of the need to process more and heavier feedstocks, includ- 
ing synfuels. It has been recognized that model compounds like thio- 
phene are not representative of the least reactive sulfur-containing 
constituents of these feedstocks. More representative compounds are 
dibenzothiophenes and benzonaphthothiophenes, which are present in 
high concentrations in heavy oils (and especially in coal-derived 
liquids) and are one to two orders of magnitude less reactive than 
thiophene (1,2) . 

There is a need for quantitative kinetics characterizing hydro- 
processing of these relatively unreactive compounds at temperatures 
and pressures representative of commercial operation. The goal of 
this research was to determine detailed kinetics of dibenzothiophene 
hydrodesulfurization using a high-pressure flow microreactor (3). 
Earlier work had established the reaction network in dibenzothiophene 
hydrodesulfurization catalyzed by a commercial presulfided CoO-MoO3/ 
y-Al2O3 ( 4 ) .  Early kinetics studies of dibenzothiophene hydrodesul- 
furization (5,6) fail to account for the complete reaction network and 
are lacking Yn-experimental detail. Recent kinetics studies (7.8) of 
dibenzothiophene hydrodesulfurization also fail to provide sufficient 
detail of the reaction network, and the range of hydrogen partial 
pressures applied was so low and not all the parameters in the rate 
equations could be determined from the data. 

In the present study rates of the two primary reactions of diben- 
zothiophene with hydrogen were measured independently, and the full 
set of data was analyzed and summarized in the form of Langmuir- 
Hinshelwood rate equations. The data allowed precise estimation of 
all the kinetics parameters at three temperatures. 

EXPERIMENTAL 

Materials 

The catalyst was a Commercial Co0-Mo03/y-A1203 (American Cyanamid 
HDS 16A) which was crushed and sieved to 149-178 pm (80-100 mesh) 
particle size and sulfided in situ. Catalyst compositions are given 
elsewhere (4). Dibenzothio$enEastman, reagent grade) was dis- 
solved in n-hexadecane (Humphrey Chemical co., specially distilled 
Lots No. 2F70375 and 4090577), and the solution was filtered through 
a 0.5 um filter element (Milipore). Biphenyl (Eastman, reagent grade) 
was used as supplied. Hydrogen was obtained from Linde as 3500 psi 
grade and treated as described below to remove traces of moisture and 
oxygen. H2S was supplied by Linde in custom mixtures with hydrogen 
in concentrations of 0.5 to 10 mole% H2S. Alundum "RR" (Fisher 
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Scientific, Blue Label) was sieved to 90 mesh and used as an inert 
reactor packing. 

A high-pressure flow microreactor, described in detail by Eliezer 
et al. (3), was modified to allow for saturation of the feed mixture 
Etii-a predetermined H2S partial pressure (9). The catalyst (6.5 X 
to 1.2 X 10-4 kg) was mixed with alundum (2.31 X 
to give the range of bed volumes [ (2 .O-3.6) X m31 and bed heights 
[ (2.5-4.5) X m] . The catalyst was presulfided in the reactor for 
two hours in a 5.0 X 10-7 to 8 X 10-7 m3/s flow of 10 vol% hydrogen 
sulfide in hydrogen at atmospheric pressure and 673'K. 

to 4.25 X 10-4kg) 

Reactant solutions containing 0.3-4.9 mole% dibenzothiophene in 
- n-hexadecane or 1.24 mole% dibenzothiophene and 0.6 or 2.9 mole% bi- 
phenyl in n-hexadecane were prepared. After the solution (5 X 
to 7 X lo-* m3) had been loaded into a stirred autoclave, it was 
saturated with hydrogen or hydrogen plus H2S at predetermined partial 
pressures after the mixture had been purged for 2 hr with the gas 
mixture. H2S partial pressures were varied from 0 to 1 atm, and hydro- 
gen partial pressures were varied between 34 and 150 atm. Low-pressure 
gas solubility data served as a basis for extrapolation to high 
saturation pressures, as described elsewhere ( 9 ) ,  for calculating 
hydrogen and H2S concentrations in the reactor. Reactant concentra- 
tions used to correlate the reaction rate data were calculated for 
the liquid density at the temperature and pressure of the reactor. 

Immediately after sulfiding of the catalyst, the reactor was 
cooled to 573'K, and flow of reactant mixture was initiated. The 
pressure in the reactor was maintained at 178 f. 7 atm to ensure against 
formation of a gas phase inside the reactor. A catalyst break-in 
period of 50 to 72 hr was allowed, after which the reactor was run 
with differential conversion of dibenzothiophene to obtain reaction 
rate data. Over an extended period, hydrogen and H2S partial pres- 
sures were varied, and solutions with the above-mentioned dibenzo- 
thiophene concentrations were each investigated at 548, 573 and 598'K. 
Throughout each run, the rate of reaction was repeatedly measured at 
the standard condition of 573'K, 96 atm hydrogen partial pressure, 
1.24 mole% dibenzothiophene, and 0 or 0.16 atm H2S partial pressure: 
these data demonstrated thelack of significant catalyst deactivation. 

At each run condition, four to eight liquid product samples 
were collected and analyzed by glc. An Antek 462 gas chromatograph 
equipped with a flame ionization detector and an electronic integra- 
tor was used. The column was a 3.4 m stainless steel column having 
a 2.3 X m ID and packed with 3% SP-2100 DB (methyl silicone 
fluid--the basic sites were deactivated) on 100-200 mesh Supelcoport 
(Supelco) at 423'K with a helium carrier-gas flow rate of about 
5 X m3/S. Gaseous products, such as H2S and any light cracking 
products, were not collected. In the routine analysis, dibenzothio- 
phene, biphenyl, cyclohexylbenzene, and 1,2,3,4-tetrahydrodibenzo- 
thiophene were determined quantitatively. Another product formed in 
equilibrium with 1,2,3,4-tetrahydrodibenzothiophene, i.e., 1,2,3,4,- 
l0,ll-hexahydrodibenzothiophene (41, was masked by the solvent. 

Using a wall-coated open tubular column (Perkin-Elmer OV-101) in 
a Perkin-Elmer 3920 B gas chromatograph, a sufficient number of 
samples were reanalyzed to establish the equilibrium constant for the 
reaction [1,2,3,4-tetrahydrodibenzothiophene + H2 Z 1,2,3,4,10,11- 
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hexahydrodibenzothiophene] at the three temperatures studied. 
Equilibrium constants are given in Table 1. 
1t2t3,4,10,11-hexahydrodibenzothiophene was then calculated for 
each sample from the equilibrium constant and the known concentration 
of hydrogen and 1,2,3,4-tetrahydrodibenzothiophene. 
carbon in the product stream was typically 98 to 9 9 %  of the amount of 
dibenzothiophene in the feed mixture. 

The concentration of 

Total aromatic 

RESULTS 

Preliminary experiments reported earlier (4) showed that the 
reactor filled with alundum alone had negligible activity for dibenzo- 
thiophene hydrodesulfurization, and intraparticle and extraparticle 
mass transfer resistances were negligible. 

necessary to stabilize the catalyst (10). With constant catalytic 
activity, rates were determined from differential conversions for a 
wide range of reactant and product concentrations at 548, 573, and 
578'K; detailed data are given elsewhere (9). Concentrations and 
temperatures were changed randomly throughout, with periodic activity 
checks at the standard conditions. 

Addition of 0.02 mole of H2S/liter of reactant solution was 

Data were plotted as fractional conversion to cyclohexylbenzene, 
to biphenyl, and to cyclohexylbenzene plus 1,2,3,4-tetrahydrodi- 
benzothiophene plus 1,2,3,4,10,11-hexahydrodibenzothiophene (9). 
The plots show a linear dependence of conversion on WHSV, and the 
first set of data falls near a curve that approaches the origin with 
near-zero slope. These results are consistent with the reaction net- 
work proposed for dibenzothiophene hydrodesulfurization by Houalla % - al. ( 4 ) .  This network indicates two primary reactions: Hydrogenation of 
one aromatic ring gives an equilibrium mixture of 1,2,3,4-tetrahydrodi- 
benzothiophene and 1,2,3,4,10,11-hexahydrodibenzothiophene: hydro- 
desulfurization of these two intermediates occurs rapidly to give 
cyclohexylbenzene. This combination of reactions is referred to as 
the hydrogenation route, and this combination of products determined 
rates of hydrogenation of dibenzothiophene. 
direct hydrode'sulfurization of dibenzothiophene to give biphenyl, 
which is referred to as the hydrogenolysis reaction. Biphenyl also 
reacted with hydrogen to give cyclohexylbenzene, but this reaction 
was typically two orders of magnitude slower than the rate of diben- 
zothiophene hydrogenolysis (11). 

The second reaction was 

In summary, the reactant and product concentration data give 
the overall rate of dibenzothiophene disappearance and also the rates 
of the two primary reactions of dibenzothiophene, one aromatic ring 
hydrogenation, and the other hydrogenolysis. 

There was a consistent discrepancy in the results indicated by 
lack of closure of the mass balance on carbon. The sum of the hydro- 
genation and hydrogenolysis rates was on the average 80-85% of the 
rate of dibenzothiophene disappearance. The cause of this imbalance 
could not be determined, but it appears most likely to have been the 
result of some cracking to volatiles lost in sample collection; it is 
possible that some heavier products were formed, but the lack of 
catalyst deactivation suggests that the former possibility is more 
likely. The rate of unobserved product formation was virtually 
independent of reaction conditions, and the lack of closure of the 
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mass balance therefore did not prevent meaningful measurement of the 
reaction rates. 

Representative plots of some of the rate data are given in 
Figures 1-3. A Langmuir dependence of rate on dibenzothiophene con- 
centration is suggested for each reaction. The rate of hydrogena- 
tion is linearly dependent on hydrogen concentration, and the rate 
of hydrogenolysis shows a Langmuir dependence on hydrogen concentra- 
tion. Inhibition by hydrogen sulfide was observed for dibenzothio- 
phene hydrogenolysis, but a striking and surprising absence of 
hydrogen sulfide inhibition is noted for hydrogenation. The effect 
of biphenyl concentration on the overall rate of dibenzothiophene 
conversion was negligible at the lower temperatures: a small inhibi- 
tion effect was observed at 598'K. 

DISCUSSION 

A number of rate equations, both purely empirical equations and 
equations corresponding to Langmuir-Hinshelwood models, were evaluated 
in terms of their ability to represent the data for dibenzothiophene 
hydrogenation and hydrogenolysis. An independent set of equations was 
considered for each of the two reactions. The full set of equations 
is considered elsewhere (9), and here we consider only the equations 
giving the best fits to the data. 

A non-linear least-squares regression analysis was used with each 
equation in Tables 2 and 3 to determine the best equations for repre- 
senting the data. A library program, NLLS (1977), from the University 
of Delaware Computing Center (based on the Marquardt regression tech- 
nique) was used. The output of the program includes the parameter 
values giving the best fit as determined by the routine and several 
statistical measures of the goodness of fit. These are (1) $min, the 
minimized sum of the squares of the differences between the observed 
and predicted rates for each condition, ( 2 )  a correlation matrix 
representing the degree of independence of each of the equation para- 
meters from the other parameters, and (3) non-linear 95% confidence 
limits given as an upper and lower bound on the value of each of the 
parameters. Summarized in Tables 2 and 3 are the parameter values, 
the largest difference between the parameter value and the upper or 
lower bound, and the calculated @min values. The full sets of equa- 
tions evaluated for each reaction are given in Broderick's thesis (9). 

In addition to the statistical criteria of goodness of fit, there 
are several criteria determining whether an equation has physical 
meaning: (1) The estimated rate constant and adsorption constants 
should be positive or include positive values within their error 
bounds: ( 2 )  a plot of the logarithm of the rate constant versus 
reciprocal absolute temperature (Arrhenius plot) should be linear with 
a negative slope; ( 3 )  a plot of the logarithm of each adsorption 
equilibrium constant versus reciprocal absolute temperature (van't 
Hoff plot) should be linear with a positive slope except when chemi- 
sorption is endothermic: and ( 4 )  a visual comparison between experi- 
mentally measured trends and predicted curves should show satisfactory 
agreement. 

The six best equations for the hydrogenolysis reaction data are 
given in Table 2 .  Of these, the first four can be derived from the 
Langmuir-Hinshelwood model assuming various forms of competitive and 
noncompetitive adsorption, dissociative or undissociative. The last 
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two equations are similar in form but do not correspond to any simple 
Langmuir-Hinshelwood model. 

Equations (HS-3), (HS-5), and (HS-6) were found to satisfy all 
the physical and statistical criteria enumerated above. If, in 
addition, an equation of Langmuir-Hinshelwood formulation is pre- 
ferred, Eq. (HS-3) is the only acceptable choice. Eq. (HS-1) gives a 
poorer fit, judging by the magnitude of amin. Eqs. (HS-2) and (HS-4) 
showed strong parameter correlation and relatively large deviations 
from linearity of the Arrhenius plot. 

term KSCS in the denominator. That same power on KsCS in Eq. 
is largely responsible for the good fit observed for this equation 
as Well. The half power on KSCS in Eq. (HS-5) might be interpreted as 
a suggestion that adsorption of H2S may occur dissociatively. 
suggestion is not unprecedented (12), but it is considered speculative 
if based only on kinetics data. 

Eq. (HS-5) differs from Eq. (HS-3) only in the half power on the 
(HS-6) 

This 

Eq. (HS-3) is recommended as the best equation resting on a 
Langmuir-Hinshelwood model for representing the data for hydrogenoly- 
sis at all conditions studied. From the Arrhenius plot for this 
equation, the activation energy, determined from the temperature 
dependence of k/&y is 30 kcal/gmole. Following the Langmuir-Hinshel- 
wood model, the heats of adsorption for dibenzothiophene, H S, and 
hydrogin were calculated to be -4.5, -5.3, and 8.4 kcal/gmofe, 
respectively. The positive value for the heat of adsorption of 
hydrogen was observed for all of the equations tested and is perhaps 
an anomaly associated with the imprecision in the data; the 90% 
confidence limits on the heat of adsorption are large and include 
negative values. 

Data for the rate of dibenzothiophene hydrogenation were best 
represented by the equations in Table 3; other equations are con- 
sidered in Broderick's thesis (9). Differences in goodness of fit 
among these four equations are relatively small. Eq. (HN-1) is 
recommended for its goodness of fit, its simple form, and its low 
parameter correlation and error bounds relative to the other equa- 
tions. Eqs. (HN-2) and (HN-3) have high error bounds on KH, and 
Eqs. (HN-2) and (HN-4) show large deviations from linear Arrhenius 
plots. Differences in Omin are not significant when compared with 
the standard deviations of the data. The temperature dependence of k' 
(defined as k/KD) and KD were calculated from Arrhenius and van't Hoff 
DlotS. An activation energy of 27.6 kcal/gmole and a heat of adsorp- 
tion for dibenzothiophene of -1.4 kcal/gmole resulted. 

The literature on hydrogenolysis reaction kinetics in hydrode- 
sulfurization of thiophenic compounds catalyzed by Co-Mo/y-A1203 is in 
general agreement with the results for dibenzothiophene. Much of the 
work has concerned thiophene (13-16) and benzothiophene (17) at 
pressures near atmospheric and for narrow ranges of hydrogen partial 
pressure. There is much evidence that the principal reaction for both 
compounds is hydrogenolysis. There is strong agreement that the 
dependence of rate on the concentrations of thiophenic reactant and 
of H ~ S  is the same as shown in Eq. 
hydrogen partial pressure has typically been represented as first 
order at low partial pressures (13-14,16), although data have been 
meager. 

(HS-3). The dependence of rate on 

One of the contributions of the present kinetics study was 
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therefore the clear determination of the dependence of rate on 
hydrogen concentration under conditions more +=$pica1 of commercial 
processes. 

The results of previous kinetics studies of dibenzothiophene 
differ somewhat from the kinetics for hydrogenolysis reported here. 
For conditions s lar to those applied here but for a maximum 
hydrogen partial pressure of 31 atm, Espino et al. (7) and Mahoney 
-- et a1.(8) reported a rate equation with a power 
ator term for adsorption of H2S and dibenzothiophene. Mahoney et al. 
observed a first order dependence of rate on hydrogen partial pressure. 
In neither study was the rate of hydrogenation distinguished from the 
rate of hydrogenolysis, and we infer that under the reported reaction 
conditions, both reactions contributed to the measured rates of 
dibenzothiophene conversion. Thus the reported kinetics do not repre- 
sent hydrogenolysis alone, but correlate all reaction rates. They are 
in good agreement with the sum of the equations for hydrogenolysis and 
hydrogenation determined in this work (9). 

1 on the denomin- 

Reported activation energies for hydrogenolysis of thiophene and 
benzothiophene range from 4 to 20 kcal/cpole (9) compared with approx- 
imately 30 kcal/qmole for hydrogenolysis of the less reactive 
dibenzothiophene. If we interpret the Langmuir-Hinshelwood rate 
equation literally (which is surely an oversimplification), we can 
infer values of the heats of adsorption from the slopes of the van't 
Hoff plots. The heat of adsorption calculated for H2S implied by the 
hydrogenolysis rate equation falls within the range reported in the 
literature (5-20 kcal/cpole), and the value for dibenzothiophene 
(4.5 kcal/gmole) is lower than those for thiophene and benzothiophene 
(12-24 kcal/gmole) . 

Literature on the hydrogenation reaction of dibenzothiophene 
consists of the work by Houalla et al. (4) and Bhinde (18), who used 
large excesses of hydrogen and accurately approximated the rate of 
dibenzothiophene disappearance by hydrogenation as a pseudo first- 
order reaction. Hydrogenations of other heteroaromatics, such as 
quinoline and pyridine, and of aromatics such as biphenyl, naphtha- 
lene, and benzene catalyzed by presulfided Co-Mo/y-Al 0 have been 
studied, and limited kinetics data have been reported? 3For biphenyl, 

equatiorindicating competitive adsorption of biphenyl and cyclo- 
hexylbenzene on one kind of site and of hydrogen on another. 
measure of inhibition by H2S was determined. 
concerning the data and the criteria for selection of the rate 
equation. For pyridine (19) and quinoline (18,20) the rate of 
hydrogenation of the aromatic ring (or rings) was approximated as 
first order in heteroaromatic, but the rate constant decreased with 
increasing reactant concentration, suggesting self inhibition of 
reaction. 
from 1 to 1.5 for pyridine, and from 0.5 to 1 for quinoline. The 
effect of H2S on the rate of hydrogenation of quinoline was negli- 
gible, and for pyridine, H2S was an inhibitor when <2 mole% H2S was 
present, and otherwise the rate was independent of H2S concentration. 
For the most part, these kinetics results for hydrogenation reactions 
of nitrogen-containing aromatics are in agreement with the dibenzo- 
thiophene hydrogenation kinetics represented by Eq. (HN-1). These 
results suggest a rather wide application of Eq. (HN-1) for hydro- 
genation of aromatics and heteroaromatics. 

~ ~~ Espino et al. ( 7 )  represented rate data with a Langmuir-Hinshelwood ~ ~-~ 

No 
Few details were given 

The order of reaction in hydrogen partial pressure ranged 
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Studying the hydrodesulfurization kinetics of dibenzothiophene 
has Provided a unique opportunity to examine carbon-sulfur bond 
hydrogenolysis reactions and aromatic ring hydrogenation under 
identical conditions. Both reactions are of major importance in 
hydroprocessing. The kinetics results provide some insight into the 
mechanisms of the catalytic mechanisms, on one hand, and suggestions 
for tailoring the catalyst and process conditions to the desired 
product selectivity, on the other. 

Comparison of Figures 1 and 2 and Eqs. (HS-3) and (HN-1) suggests 
that for sulfided COO-MO/~-A~~O~ catalyst, the reaction mechanism and 
catalytic sites differ for hydrogenation and hydrogenolysis. The 
literature supports the proposal of two different kinds of sites for 
hydrogenation and hydrogenolysis. The evidence is provided by 
results of poisoning (14,21,22) and kinetics (13,14,17,18) studies. 
One kind of site is strongly poisoned by bases such as pyridine and 
quinoline, and the other is l e s s  acidic and less sensitive to such 
poisons. The former sites are associated with hydrogenation activity 
and the latter with C-S bond scission activity, although some overlap 
is expected. From Equation (HN-11, it is inferred that the hydro- 
genation sites do not bond strongly to hydrogen or HzS, but they do 
bond strongly to dibenzothiophene. In contrast, H2S does compete 
strongly with dibenzothiophene for hydrogenolysis sites, as follows 
from Eq. (HS-3). The form of this equation suggests the hydrogen 
adsorbs on still another type of site, as is expected from the known 
formation of -SH groups on the surface. 

The structure3dibenzothiophene adsorbed on the catalyst surface 
is unknown, but the extensive hydrogenation of the benzenoid rings 
suggests considerable ring interaction with the surface. Dibenzo- 
thiophene, being a planar molecule, is believed to adsorb in a plane 
parallel to the catalyst surface favorable to metal-ring interactions 
at anion vacancies on the surface. Proposals for adsorption via 
.rr-complex formation (23,24) or multi-point bonding (25) are 
strengthened by these results. 

A well-recognized concern in hydroprocessing is the consumption 
of expensive hydrogen. Considering quantitatively the marked differ- 
ences in the kinetics reported here for hydrogenation and hydro- 
genolysis of dibenzothiophene, we recognize two important processing 
variables for minimizing the hydrogen consumption in hydrodesulfuri- 
zation. Decreased H2S concentrations (obtainable by recycle gas 
scrubbing) favor hydrogenolysis. The change in selectivity is 
dramatic for H2S concentrations between about zero and 0.1 vole/ 
liter. Temperature also strongly influences the relative rates of 
hydrogenation and hydrogenolysis. As the temperature is raised, the 
relative rate of hydrogenolysis increases sharply. The selectivity 
for dibenzothiophene hydrogenolysis also increases with increasing 
concentration of quinoline, an inhibitor of both hydrogenation and 
hydrogenolysis reactions (18). It is important to remember that, in 
general, competition between the sulfur-containing reactant and other 
feed components may alter the kinetics and selectivity. Recognizing 
this limitation, we recommend the kinetics presented here for quali- 
tative guidance in process design and suggest that the form of the 
rate equation (modified to account for the presence of various inhi- 
bitors) could be of use in reaction engineering models for process 
simulation. 
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NOMENCLATURE 

Ci Concentration of Species "i" k '  Intrinsic Rate Constant 
D Dibenzothiophene ( = k/K D/KH ) 
H Hydrogen (H2) Ki Adsorption Equilibrium Constant 
HHD Hexadydrodibenzothiophene of Species i 
k Observed Rate Constant S Hydrogen Sulfide ( H p S )  

THD Tetrahydrodibenzothiophene 

TABLE 1 

Temperature Dependence of the 
Equilibrium Constant KX 

Temp., a 
O K  KX 

548 

573 

598 

b 5.76 f 0.29 

3.45 f 0.33 

2.05 f 0.17 

KX= EXP (-AGo/RT), 

A G O  = 13,400 - T(OK) X 10.55 Cdl/gmOle 

aKX is defined as X~~/XHXTHD where Xi is the mole 
fraction of species i. 

bKX was calculated for various XH and averaged. Error 
bound is standard deviation. 
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Hydrogenation of Aromati: Hydrocarbons 
Catalyzed by Sulfided CoO-M003/y-A1203: 

Reactivities, Reaction Networks, and Kinetics 

A. V. Sapre and B. C. Gates 

Center for Catalytic Science and Technology 
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University of Delaware 
Newark, Delaware 19711 

INTRODUCTION 

Accompanying the recent emphasis on new energy sources, there has 
been a surge of development work on processes for upgrading heavy 
fossil fuels, including coal liquids, shale oil, tar sands, and petro- 
leum residua. Upgrading is normally effected by hydrotreating in the 
presence of catalysts like "cobalt molybdate" or "nickel molybdate" at 
50-250 atm and 30O-45O0C (1). In these applications, the principal 
catalytic reactions are hydrodesulfurization, hydrodenitrogenation, 
hydrodeoxygenation, hydrocracking, and hydrogenation of aromatics. 
Among the slowest of these reactions are the aromatic hydrogenations, 
which take on great importance because hydrodenitrogenation of polycyclic 
aromatics does not take place until ring saturation has occurred (2). 
It therefore appears that with the best available catalysts, hydrogena- 
tion of aromatics is the class of hydroprocessing reactions most 
deserving of careful study. 

Hydrogenation of aromatics is also important in developing coal 
liquefaction technology exemplified by the donor solvent process and 
some forms of the solvent refined coal process ( 3 ) ;  in these processes 
the product liquid undergoes catalytic hydrogenation and is then re- 
cycled to the liquefaction reactor, where it transfers hydrogen to the 
liquefying coal (4). 

The literature of catalytic hydroprocessing provides only frag- 
mentary information about the reaction networks, reactivities, and 
kinetics in aromatic hydrogenation, most of-the work having been done 
with unpromoted catalysts at conditions far removed from those of 
industrial interest (5). The reported kinetics data for hydrogenation 
of aromatics in the presence of promoted sulfided catalyst like "cobalt 
molybdate" are limited to benzene, cyclohexene, toluene, phenanthrene, 
and naphthalene (6-11). 

The experiments reported here were carried out to establish the 
reactivities and reaction networks for hydrogenation of benzene, bi- 
phenyl, naphthalene, and 2-phenylnaphthalene as well as detailed 
kinetics of biphenyl hydrogenation in the presence of a commercial cata- 
lyst (sulfided "cobalt molybdate," CoO-Mo03/y-A1203). The relative 
reactivities and reaction networks were determined at a pressure (75 
atm), and temperature (325OC) representative of industrial conditions. 
The biphenyl kinetics experiments were done over a pressure range of 
64-200 atm and a temperature range of 300-375OC. 

Biphenyl and 2-phenylnaphthalene were chosen as model reactants 
in part because they are the principal aromatic products formed in the 
hydrodesulfurization of dibenzothiophene and of benzo[b]naphtho[2,3-d]- 
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thiophene, respectively (12,13). The latter two compounds are typical 
of the least reactive sulfur-containing compounds found in the heavier 
petroleum residua and coal-derived liquids. Naphthalene was chosen 
because upon hydrogenation it forms tetralin, the most widely used 
model compound used as a hydrogen donor in coal liquefaction experiments. 

EXPERIMENTAL 

The experiments designed to determine relative reactivities were 

The design of the autoclave allowed charging of the 
carried out in a conmercial one-liter batch reactor (Autoclave 
Engineers). 
Catalyst after the reactants had been brought to reaction temperature, 
thereby virtually eliminating any heat-up period which would prevent 
elucidation of isothermal kinetics from the conversion data (14). The 
Catalyst was particles (-150ym) of CoO-Mo03/y-A120 (American Cyanamid 
HDS 16A), 2g of which were externally sulfided at aOO°C with 10 ~ 0 1 %  H2S 
in H2 at atmospheric pressure for two hours prior to being charged to 
the reactor. The reactant solution (375 ml) contained roughly 0.75 
mole% of the hydrocarbon reactant in n-hexadecane (Humphrey Chemical 
Co., redistilled). The solution was saturated with hydrogen at the 
reaction temperature, providing a large stoichiometric excess of this 
reactant. The reactor was operated at 75 f 2 atm and 325 * l0C in all 
the experiments. Carbon disulfide, 0.1 mole%, was added to the reac- 
tion mixture. It was found that this source of sulfur in the reactant 
was essential to maintain the activity of the catalyst by maintaining 
it in the sulfided form (15). The CS2 was almost instantaneously con- 
verted into H2S under the reaction conditions, the rate of the hydro- 
genolysis reaction 

CS2 + 4H2 + 2H2S -b CH4 (1) 

being at least 8000 times greater than that of the aromatic hydrogena- 
tion reactions. 

The biphenyl kinetics studies were carried out using a high- 
pressure flow microreactor, the design and operation of which are 
described elsewhere (16). The reactor operated with solid particles 
of catalyst and a liquid reactant phase saturated with hydrogen. 

The operating conditions of the flow reactor used for the kine- 
tics experiments are summarized in Table 1. 

TABLE 1. Operating conditions for the flow reactor 

Catalyst: commercial CoO-M003/y-A1203 (American Cyanamid HDS 16A)  
mass: 0.025-0.05Og diluted with particles of alundum 
particle size: 150pm 
volume of catalyst bed: 
length of bed: 4.0 cm 

0.325 cm3 

Catalyst pretreatment: sulfided in situ with 10% H2S in H2 for 
two hours at 400'C 

Reactor pressure: 64-200 atm 
Temperature: 300-375°C 
Biphenyl concentration: 
cyclohexylbenzene concentration: 0-13 X gmoles/liter 
Carbon disulfide concentratlon: 4-18 X 10-3 gmoles/liter 
Hydrogen concentration: 
Liquid flow rate: 0.2-60 cm3/hr. 
Solvent (carrier oil) : 1-hexadecane. 

5-25 x 10-3 gmoles/ iter 

100-450 x 10-3 gmoles/liter 
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Materials : 

The reagents naphthalene (>99%) and benzene (>99%) were supplied 
by Fisher; bicyclohexyl (>98%), cyclohexylbenzene (>98%), and tetralin 
(>99%) by Aldrich; biphenyl (>98%) by Eastman; and 2-phenylnaphthalene 
(>98%)  by ICN Pharmaceuticals. All these reagents were used without 
further puriflq3Qion. 

Product anal y s i $. : 

The product samples from the flow reactor were analyzed with an 
Antek 440L gas chromatograph equipped with a flame ionization detector. 
The column was packed with methylsilicone on 100-200 mesh Supelcoport 
(GP 3% SF-2100 DB) operated at 1 4 O O C .  

The product samples drawn periodically from the batch reactor 
were analyzed with a Perkin-Elmer 3920 B gas chromatograph equipped . 
with a flame,ionization detector and a 0.8 mm-O.D. X 0.025 mm-I.D. X 
100-m-long wall-coated open tubular column (the liquid phase was 
OV-101, Perkin Elmer) with an all-glass splitter injector. The column 
temperature was varied depending on the reactant compound, and temper- 
ature programming was used to improve peak resolution. 

naphthalene were identified by comparing glc retention times of the 
known compounds with retention times of components of the product 
mixtures. For identification of the primary products of 2-phenyl- 
naphthalene hydrogenation, tricarbonylchromium complexes of the pro- 
ducts were synthesized using chromium hexacarbonyl (17). The tri- 
carbonyl chromium complexes which were formed were separated by the 
column chromatography technique on an alumina ( 4 %  water) column. The 
hydrocarbon solvent and uncomplexed material were eluted with 
n-pentane. The separation of the complexes on the column was achieved 
Ey using different'proportions of n-pentane and methylene chloride. 
The structures of the recrystallizgd ,complexes were determined by 
proton NMR spectroscopy; details of this technique are given elsewhere 
(13). 

Principal reaction products formed from benzene, biphenyl, and 

From the.se product analyses, conversion-time data were obtained 
for each set of geactants~and products in the batch reactor experi- 
ments. In the flow reactor, differential conversions were measured to 
determine rate d-ata. directly. The rate data were obtained over a wide 
range of independent variables; mixed feeds were used, including the 
reaction pr0duct.s in widely varied concentrations. 

RESULTS AND DISCUSSION 

Figure 1 shows the principal products and the reaction networks 
for the ar0mati.c compounds studied in the batch reactor. In all these 
experiments, mass balances obtained from the unconverted reactant and 
the products yere good. Naphthalene analysis was extremely good, and 
mass balance of more than 98% was observed for all the samples. 

sion and inverse space velocity was observed up to about 1 5 %  biphenyl 
conversion, depon.s$rating that all the data reported here represented 
differential conve.rsions. 
showed more than 9.9.% mass balance. 

In the f1,o.w-reactor experiments a linear relation between conver- 

These low-conversion data always 
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Blank experiments performed in the batch reactor with hydrogen 
and biphenyl and with hydrogen and cyclohexylbenzene confirmed that 
there was no observable conversion of these reactants even under more 
Severe conditions (400°C and 100 atm), indicating that all the observed 
reactions were catalytic. 
thermochemical calculations reported by Ross et al. ( 2 0 ) ,  showing the 
extreme stability of the C-C bond towards homxyzs and free radical 
formation in the molecules like biphenyl and naphthalene. 

In batch experiments with benzene, cyclohexane was observed as 
the only primary product. 
benzene reaction are shown in Fig. 2. The unidentified hydrocarbon 
indicated in the benzene reaction network (Fig. 1) was not separated 
in the glc analysis. The benzene-cyclohexane reaction is reversible 
and is well documented in the literature (S), and so experiments with 
cyclohexane as a reactant were not done. 

These results are consistent with the 

The concentration-time profiles for the 

The most thorough set of experiments was carried out with bi- 
phenyl, which reacted with hydrogen to give cyclohexylbenzene as a 
primary product. Cyclohexylbenzene was subsequently converted into 
bicyclohexyl. The concentration-time plots for the biphenyl reaction 
network are shown in Fig, 3; the data clearly show that bicyclohexyl 
is a secondary product, since the slope of the curve at zero time is 
zero. 

Three unidentified hydrocarbon products having very nearly equal 
retention times on the glc column were also observed in small 
quantity (in total, about 10% at the maximum conversion). Hydrogena- 
tion experiments carried out with cyclohexylbenzene and with bicyclo- 
hexyl as the reactants showed that these hydrocarbons were formed as 
primary products from cyclohexylbenzene, but not from bicyclohexyl. 
The comparison of the glc retention times of these products with thoseof 
several possible products obtained from ring opening (substituted 
benzene or cyclohexane) and substituted indane and tetralin suggest 
that these products were not obtained by cracking of biphenyl or by C-C 
bond cleavage followed by ring closure. Urimoto et al. (18) per- 
formed dibenzothiophene hydrodesulfurization experiments and observed 
3-methylcyclopentylcyclohexane and 3-3'-dimethyldicyclopentyl products 
using a catalyst and reaction conditions similar to those used in this 
work, which indicates the occurrence of isomerization reactions. 
During hydroprocessing reactions, isomerization of cyclohexane to 
methylcyclopentane and of tetralin to methyl indane is reported in the 
literature (5,19). This information suggests that the three unidenti- 
fied products could be isomerized products formed from cyclohexyl- 
benzene--for example, methylcyclopentylbenzene. 

the reaction network shown in Fig. 1. In experiments with hydrogen 
and cyclohexylbenzene as reactants, biphenyl was formed, indicating 
that the primary hydroqenation reaction, 

These three products together are represented as hydrocarbons in 

- -  - 
+ 3H2 e 8-0 

is reversible. The experiments in the flow reactor were designed to 
determine the nonlinear rate oxpression for this primary hydrogenation- 
dehydrogenation reaction. Fig. 4 shows a typical set of data obtained 
at 35O0C. The differential conversion experiments were done at 300, 
325, 350 and 375OC; the full set of rate data was fitted with a non- 
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linear least squares technique (21). The following rate expression 
represents the data with a high degree of accuracy, but several other 
equations (similar in form) provide comparable fits. Work on discrim- 
ination of the equations is continuing; this rate expression should be 
considered tentative: 

3 3 L  
kKBPHKH2 (CBPHCH~ - KE CCHB) 
(1 - O+KB~HCB~H+KH~SCH~S) r =  (2) 

(l.O+K H2 C H2 

32,000) k = 8x10~ e x p ( - T  

1 14,000 KBpH = 4.5X10-5 exp (7 

1 13,000 KH2s = 1.6X10-4 eXp (RT 

K H ~  = 4.25 exp (e) 
RT 

K~ = 2.2~10-3 exp (- 16,500) 
RT 

BPH = biphenyi, A2 = hydrogen, CIiB = cyclohexyl- 
benzene 

The smooth 1inesinFig. 4 are the predictions based on the above 
equation. It is clear that this equation fits the data well. 

In batch experiments, naphthalene was hydrogenated to give 
1,2,3,4-tetrahydronaphthalene (tetralin) as a primary product. Tetra- 
lin was further hydrogenated to give cis- and trans-decahydronaphtha- 
lene (decalin). Time-concentration profiles f-phthalene and its 
reaction products are presented in Fig. 5. From these data, it is 
evident that equilibrium is approached between tetralin and naphthalene. 

In experiments with hydrogen and tetralin as reactants, naphtha- 
lene was formed, indicating that the primary hydrogenation reaction is 
reversible. Trans-decalin was the predominant isomer of decalin. No 
other hydrocarbonproducts were detected. 

Hydrogenation of 2-phenylnaphthalene gave two primary products, 
2-phenyltetralin and 6-phenyltetralin, each of which experienced 
further hydrogenation. The concentration-time profiles are presented 
in Fig. 6. The secondary products are represented together as hydro- 
carbons in this analysis, consisting chiefly of phenyl-substituted 
decalins. 2-Phenyltetralin or 6-phenyltetralin are not commercially 
available, and experiments were not performed with these as reactants 
to demonstrate whether the primary hydrogenation reactions were rever- 
sible. But on the basis of the experience with biphenyl and naphtha- 
lene, it was assumed that the primary hydrogenation reactions are 
reversible. It can be seen from the data presented in Fig. 6 that 
equilibrium is approached between 2-phenylnaphthalene and its two 
primary products, 2-phenyltetraiin and 6-phenyltetralin. 
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In contrast to these hydrogenation reactions, hydrodesulfuriza- 
tion reactions are practically irreversible, and the conversion data 
for the individual sulfur-containing compounds follow pseudo-first 
order behavior (23). AS the primary hydrogenation reactions studied 
here are reversible, a deviation from the pseudo-first order behavior 
was observed as equilibrium was approached. The pseudo-first order 
rate constants for the overall disappearance of the component, deter- 
mined from the low conversion data, are summarized in Table 2. For 
the determination of rate constants to represent the reaction networks 
from the high conversion data, it was assumed that each reaction in 
the network was pseudo-first order in the organic reactant. All the 
reversibilities were taken into account in representing quantitative 
kinetics for the complete reaction networks. The pseudo-first order 
rate constants were estimated from the full set of data determined in 
the experiments with each organic reactant, as follows: (1) In the 
case of benzene and biphenyl, raw concentration versus time data were 
smoothed by fitting spline functions using the IMSL subroutine ICSMOU 
(24); this program performs one dimensional data smoothing by error 
detection and is highly effective in smoothing a data set only mildly 
contaminated with isolated errors; (2) the smoothed data were used 
with equal weighting in the Carlton 2 program (25) to determine best 
values of the individual rate constants. The values of the rate con- 
stants for the individual reactions in the networks are shown in 
Fig. 1. The lines in Figs. 2,3,5,6 represent the model predictions 
from the estimated pseudo first-order rate constants based on the 
individual reaction networks shown in Fig. 1. 

TABLE 2. Pseudo-first order rate constants for hydrogenation 
catalyzed by sulfided Co0-Mo03/y-A1203 at 325OC and 75 atm. 

Reactant 

Benzene 
Biphenyl 
Naphthalene 
2-Phenylnaphthalene 

10' X Pseudo-first 
Concentration, o der rate constant 

mole% mS/kg of catalyst- seca 

0.65 
0.80 
0.85 
0.75 

2.8 ? 0.1 
3.0 C 0.2 
58.9 ? 3.6 
61.4 ? 5.3 

%Data are reported with 95% confidence limits. 

The final conversion levels for naphthalene and 2-phenyl- 
naphthalene were of the order of 99%, whereas biphenyl and benzene 
were only about 75% converted after completion of the experiments. 
Experiments were carried out for long periods so that good estimates 
of the equilibrium constants could be obtained from the conversion data. 
The equilibrium constant for the biphenyl hydrogenation, 
KE = [ c ~ H B / c B ~ H - c H ~ ~ I ~ ~ ~ ~ ~ .  = 365, obtained from the above analysis of 
the kinetics, agrees fairly well with Frye's (26) gas-phase 
equilibrium experiments. 
to 485. 

At 325OC his data indicate KE to be equal 

From these networks, it can be seen that primary products ob- 
tained by aromatic hydrogenation are hydroaromatics, potential hydro- 
gen donors which can readily be dehydrogenated in the presence of 
liquefying coal. The relative hydrogen-donor capacity of several 
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hydroaromatics was determined by Doyle (22), his results showing that 
tetralin or substituted tetralins are much better hydrogen donors 
than cyclohexylbenzene. 

eously upon reaching a high temperature in Che presence of a 
hydrogen-donor solvent (27). Thus the slow steps in the hydrogenation/ 
liquefaction process may be the hydrogenation of the recycle solvent 
to replenish hydrogen donor species (28). One of the objectives in 
the solvent hydrogenation is to maximize the yield of hydroaromatics. 
The reactions leading to consumption of hydroaromatic (for example, 
further hydrogenation of tetralin to decalins or isomerization of 
hydroaromatics) are undesirable, as they result in a solvent of reduced 
hydrogen-donor capacity. From Fig. 1 it is evident that these undesir- 
able side reactionsare relatively slow compared with the primary hydro- 
genation reactions. Under the experimental conditions of this study, 
the hydrogenation-dehydrogenation equilibrium was favorable towards 
higher yields of hydroaromatics. The biphenyl kinetics indicates that 
at higher temperatures dehydrogenation reactions are more significant, 
which suggests a strategy of maximizing yields of hydroaromatics by 
applying lower temperatures and high hydrogen partial pressures. 
The catalyst would also play an important role; the ideal catalyst 
would have moderate hydrogenation activity to hydrogenate the solvent 
to constituents like tetralin. But it should not have excessive 
activity to over-hydrogenate and form poor hydrogen donors like 
decalin, the formatinn of which r:.culd zlsc’represent excessive con- 
sumption of the costly hydrogen. 

Ahuja et al. (7) ascribed the isomerization of cyclohexane to 
methylcyclop&it=e to the acidity of the support, and it follows fron 
their suggestion that the isomerization of hydroaromatics would be 
less if less acidic catalyst supports (like SiO2)were used. The LSO- 
merization reactions are significantly inhibited by nitrogen-contain- 
ing compounds (71, hence the feeds with higher concentrations of 
nitrogen-containing compounds might seem to be favorable--except that 
nitrogen-containing compounds also strongly inhibit the hydrogenation 
reactions (2). 

Liquefaction of coal has been shown to occur almost instantan- 

The resultsof Table 1 show that benzene and biphenyl have nearly 
the same reactivity; naphthalene and 2-phenylnaphthalene have nearly 
equal reactivities, one order of magnitude less than that of ben- 
zene. The high-pressure, high-temperature hydrogenation of benzene 
and naphthalene reported to occur in the presence of unsupported MoS2 
and WS2 catalysts,indicates a 17-fold higher reactivity of naphthalene 
in comparison with benzene ( 5 1 ,  which agrees well with the results 
reported in Table 1. 

Naphthalene has a resonance energy of 75 kcal/mole, which is 
less than twice that of benzene‘s 42 kcal/mole (29), i.e., the rings 
in naphthalene are less aromatic in character than that of benzene 
and so more easily reduced, which explains the higher reactivity of 
naphthalene. 

7 2  



I 

REFERENCES 

(1) Gates, B. C., Katzer, J. R., and Schuit, G. C. A., "Chemistry of 
Catalytic Processes," Chap. 5, McGraw-Hill, New York (1979). 

(2) Bhinde, M. V., Ph.D. thesis, University of Delaware (1979). 

(3) National Academy of Sciences, Assessment of Technology for 
Liquefaction of Coal, Washington, D.C., 1977. 

Chem. Eng. Progr., 12 (8), 69 (1976). 

and Applications," Pergammon, New York, 1973. 

(4) Furlong, L. E., Effron, E., Vernon, L. W., and Wilson, E. L., 

( 5 )  Weisser, O., and Landa, S., "Sulphide Catalysts, Their Properties 

(6) Voorhoeve, R. J. H., and Stuiver, J. C. M., J. Catal., 23, 
228 (1971). 

(7) Ahuja, S. P., Derrien, M. L., and LePage, J. F., Ind. Eng. Chem. 
Prod. Res. Develop.,?, 272 (1970). 

(8) Huang, C. S., M.S. thesis, University of Mississippi (1976). 

(9) Rollrnann, L. D., J. Catal., 5, 243 (1977). 
(10) de Beer, V. H. J., Dahlmans, J. G. S., and Smeets, J. G. M., 

J. Catal., 42, 467 (1976). 
(11) Hagenbach, G., Courty, Ph., and Delmon, B., J. Catal., 23, 

(12) Houalla, M., Nag, N. K., Sapre, A. V., Broderick, D. H., and 

295 (1971). 

Gates, B. C., AIChE J.,Z, 1015 (1978). 

(13) Sapre, A. V., Broderick, D. H., Fraenkel, D., Gates, B. C., and 
Nag, N. K., AIChE J., in press. 

(14) Shih, S. S., Katzer, J. R., Kwart, H., and Stiles, A. B., e- 
prints, ACS Div. Petrol. Chem., =, 919 (1977). 

(15) Sapre, A. V., Ph.D. Thesis, University of Delaware, in prepara- 
tion. 

(16) Eliezer, K. F., Bhinde, M., Houalla, M., Broderick, D. H., 
Gates, B. C., Katzer, J. R., and Olson, J. H., Ind. Eng. Chem. 
Fundam., 16, 380 (1977). 

(17) Nicholls, B., and Whiting, M., J. Chem. SOC. (London), 551 
(1959). 

(18) Urimoto, H., and Sakikawa, N., Sekiyu Gakkaishi, 15, 926 (1972). 
(19) Cronauer, D. C., Jewell, D. M., Shah, Y. T., and Kueser, K. A., 

Ind. Eng. Chem. Fundam., 11 (4), 291 (1978). 

73 

I 



( 2 0 )  ROSS, D. S. and Blessing, J. E., Prepr. ACS Div. Fuel Chem. 
- 24, 1 2 9  (1979) .  

NLLS program, University of Delaware Computing Center. 

Doyle, G., Prepr. ACS Div. Petrol. Chem.,G, 1 6 5  ( 1 9 7 5 ) .  

Nag, N. K., Sapre, A. V., Broderick, D. H., and Gates, B. C., 
J. Catal., 57, 509  ( 1 9 7 9 ) .  

ICSMOU, computer subroutine, International Mathematical and 
Statistical Library. 

Himmelblau, D. M., Jones, C. R., and Bischoff, K. B., Ind. Eng. 
Chem. Fundam., 5, 539 ( 1 9 6 7 ) .  

Frye, C. G., J. Chem. Eng. Data, 1, 592 ( 1 9 6 2 ) .  

Whitehurst, D. D., and Mitchell, T. D., Prepr. ACS Div. of Fuel w., 2 ( 5 ) ,  1 2 7  ( 1 9 7 6 ) .  

Guin, J. A., Tarrer, A. R . ,  Lee, J. M., Lo, L., and Curtis, C.W., 
Ind. Eng. Chem. Proc. Des. Dev., Is, 3 7 1  ( 1 9 7 9 ) .  

( 2 9 )  Pauling, L., "The Nature of The Chemical Bond," Cornel1 
University Press, 1967 .  

74 



~ = = y o - - o - o  
CYC L O!iEXYLBENZENE BICYCLOHEXYL I 

BIPHENYL 

M 

H Y D ROC AR BONS 

Fig.  1: Reac t ion  ne tworks  f o r  hydrcg fna t ion  of l~enzenn- ,  
b i p h e n y l ,  n a p h t h a l c n c ,  and 2-pbeny lnaph tha lene  
i n  the 1,rcr;encc of s u l f i d c d  C c O - M o O ~ / y - A l ~ O ~  a t  
325°C a i d  75 atm. Each r e a c t i o n  i s  approximated  
as f i r s t  o r d e r  i n  t h e  o r g a n i c  r e a c t a n t ;  t h e  
numbers next  t o  t h e  a r rows  are t h e  pseu80 f i r ,  ;t 
order  r8t .c  c o n s t a t s  ir. lo6 x c u b i c  m e t e r s  per 
kj.locjram of cata1.yst. per sccond.  
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F i g .  4 :  R a t e  of b i p h e n y l  hydrogena t ion  a s  a f u n c t i o n  cf 
hydrogen,  l i$ ,  and b i p h e n y l  c o n c e n t r a t i o n s  a t  350°C. 
The c u x e s  a r e  c u b i c  s p l i n e  fits t h r o u g h  i n d i v i d u a l  
p o i n t s  p?:edictcd hy ra te  e q w t i o n  y i v a n  j.n t.he t c x t ,  
fr.r t l i c  ac tua l .  C o n c e n t r a t i o n s  a t  e a c h  p o i n t .  
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CATALYTIC WGRADING OF H-COAL SYNCRUDES. Dennis J .  O'Rear, Richard F. Su l l ivan ,  
and Bruce E. Stangeland,  Chevron Research Company, P.O. Box 1 6 2 7 ,  Richmond, 

C a l i f o r n i a  94802. 

The n e t  l i q u i d  product from t h e  H-Coal l i q u e f a c t i o n  process  was r e f ined  t o  l i qu id  
f u e l s  by commercial c a t a l y s t s  i n  p i l o t  p l a n t s  which s imula t e  advanced s t a t e -o f - the -a r t  
petroleum hydroprocessing technology,  
s t u d i e d :  I l l i n o i s  No. 6 c o a l  (Burning S t a r  Mine) and Wyodak c o a l ,  One hydro t r ea t ing  
s t a g e ,  operated a t  s e v e r a l  s e v e r i t i e s ,  upgraded t h e  whole product t o  e i t h e r  j e t ,  d i e s e l ,  
o r  hea t ing  f u e l s .  I n  a d d i t i o n ,  a naphtha w a s  produced which can be used f o r  hydrogen 
product ion o r  a s  feed t o  a c a t a l y t i c  reformer.  The kerosene j e t  f u e l  meets a l l  c r i t i c a l  
s p e c i f i c a t i o n s ,  i nc lud ing  smoke po in t  and s t a b i l i t y ,  The maximuin y i e l d  of j e t  derived 
from I l l i n o i s  c o a l  is almost 90%. The d i e s e l  and hea t ing  f u e l s  meet most s p e c i f i c a t i o n s  
when a d d i t i v e s  a r e  used. For maximum g a s o l i n e  product ion,  t h e  hydro t r ea t ed  H-coal 
product  was converted t o  naphtha i n  a s ing le - s t age  ex t inc t ion - recyc le  hydrocracker .  

L iqu ids  de r ived  from two d i f f e r e n t  c o a l s  were 
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HYOROTREATMENT AN0 BIOLOGICAL TEST OF 
SRC-I1 COAL LIQUID 

Dexter S u t t e r f i e l d ,  W .  C. Lanning 

U.S. Department o f  Energy, B a r t l e s v i l l e  Energy 
Technology Center, P. 0. Box 1398, B a r t l e s v i l l e ,  OK 74003 

and R. E. Royer 

I n h a l a t i o n  Toxicology Research I n s t i t u t e ,  
Lovelace Biomedical and Environmental Research I n s t i t u t e ,  

P. 0. Box 5890, Albuquerque, New Mexico 87115 

I n t r o d u c t i o n  

D i s t i l l a t e  coal  l i q u i d  from the S R C - I 1  process has been hydrotreated a t  several 
l e v e l s  o f  s e v e r i t y  i n  a bench-scale continuous f l o w  u n i t  a t  the  B a r t l e s v i l l e  Energy 
Technology Center. The purpose was t w o f o l d  w i t h  the  inmediate goal t o  survey pro- 
cess cond i t ions  w i t h  a commercially a v a i l a b l e  c a t a l y s t  t o  p rov ide  samples upgraded 
t o  var ied  degrees f o r  d e t a i l e d  c h a r a c t e r i z a t i o n  analyses and i n v e s t i g a t i o n  f o r  b io -  
l o g i c a l  a c t i v i t y .  
raw mater ia l  sources, l i q u e f a c t i o n  o r  o ther  p roduc t ion  processes, c h a r a c t e r i z a t i o n  
of feedstocks f o r  f u r t h e r  r e f i n i n g  t o  t r a n s p o r t a t i o n  and o t h e r  end-use f u e l s ,  se- 
l e c t i o n  o f  r e f i n i n g  processes, and es t imat ion  o f  type and q u a l i t y  o f  end products 
expected. from combinations o f  these steps. 

The l i q u i d  feed and products have been screened f o r  b i o l o g i c a l  a c t i v i t y  by the 
Ames t e s t  a t  Lovelace Biomedical and Environmental Research I n s t i t u t e ,  Albuquerque, 
New Mexico. 

Experimental M a t e r i a l s  and Procedures 

The l i q u i d  was produced from Mater ia l  Balance Run No. 77 SR-12 on coal from the  
P i t t s b u r g  seam from Consol's B l a c k s v i l l e  No. 2 Mine i n  West V i r g i n i a .  
(177-288' C) and heavy (288-454OC) d i s t i l l a t e s  were blended t o  the  same r a t i o  as 
produced by the  m a t e r i a l  balance run, e.g., 75.5 percent middle d i s t i l l a t e  and 24.5 
percent heavy d i s t i l l a t e .  The feed contained 0.23 wt-pct  s u l f u r ,  1.06 wt-pct  n i -  
t rogen and 3.29 wt -pc t  oxygen and b o i l e d  between 185 and 380' C (5-95 percent)  by 
simulated d i s t i l l a t i o n .  

The bench-scale hydrogenation u n i t  was designed f o r  opera t ion  a t  up t o  3,000 
p s i g  and 450" C, w i t h  once-through f l o w  o f  hydrogen, down-flow o f  gas and l i q u i d  
over a f ixed-bed c a t a l y s t .  Reactor temperature, pressure, and hydrogen f l o w  and 
1 i q u i d  l e v e l  i n  the  high-pressure product separator were c o n t r o l l e d  au tomat ica l l y .  
L i q u i d  product was withdrawn p e r i o d i c a l l y  f rom a low-pressure separator, and the 
combined high- and low-pressure - e f f l u e n t  gas was sampled f o r  ana lys is .  

The c a t a l y s t  was 100 m l  o f  American Cyanamid HDS-3A, a 1/16-inch diameter ex- 
t r u d a t e  o f  nickel-molybdenum-alumina. 
alumina t o  provide a bed depth o f  18 inches i n  the middle sec t ion  o f  a 0.96-inch 
IO v e r t i c a l  r e a c t o r  w i t h  a 5/16-inch OD i n t e r n a l  thermocouple w e l l .  
was progress ive ly  more d i l u t e  toward the t o p  of  the bed t o  minimize exothermic 
temperature ef fects,  and end sect ions were packed w i t h  alpha-alumina t o  p rov ide  
f o r  preheat and c o o l i n g  zones. 

Long-range goals a r e  t o  c o n t r i b u t e  t o  a data base t o  evaluate 

The SRC-I1 l i q u i d  was obtained from the P i t t s b u r g  and Midway Coal Mining Co. 

The middle 

I t was d i l u t e d  w i t h  i n e r t ,  g ranu la r  alpha- 

The c a t a l y s t  
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The c a t a l y s t  was p r e s u l f i d e d  and operated f o r  about 100 hours on a petroleum 

Operating cond i t ions  selected as l i k e l y  t o  ma in ta in  c a t a l y s t  a c t i v i t y  and pro- 

gas o i l  (200-500' C b o i l i n g  range, 0.8 wt -pc t  s u l f u r )  t o  check c o n t r o l s  and pro- 
v ide  some c a t a l y s t  aging be fore  exposure t o  t h e  coal  l i q u i d .  

v ide  the  range o f  upgrading des i red  were 2,000 p s i g  pressure, 325 t o  400' C, and 
0.5 t o  1.0 LHSV (volume l i q u i d  feed/volume bu lk  c a t a l y s t l h o u r ) .  
held constant a t  a r a t e  corresponding t o  10,000 SCF/bbl t o  0.5 LHSV o r  5,000 SCF/bbl 
a t  1.0 LHSV. 
e f f e c t  a t  more than 5,000 SCF/bbl. 
mately 24 hours t o  a l l o w  8-12 hours f o r  e q u i l i b r a t i o n  p lus  t ime t o  accumulate about 
750 m l  o f  l i q u i d  product.  Table 1 shows the sequence o f  r e a c t o r  cond i t ions  and 
essent ia l  process r e s u l t s .  

TABLE 1. Process cond i t ions  and r e s u l t s  

Hydrogen f l o w  was 

V a r i a t i o n  i n  hydrogen f l o w  r a t e  i n  once-through opera t ion  has l i t t l e  
Operat ion a t  each c o n d i t i o n  was f o r  approxi-  

L i q u i d  Product Approx. C a t a l y s t  L i q u i d  

Sample Sp. gr. ,  Hydrogen, Nitrogen, S u l f u r  Oxygen H2 Cons., tempera- feed ra te ,  

Per iod 6O"/6O0F wt -pc t  wt -pc t  wt -pc t  SCF/bbl ture,'C LHSV wt -pc t  

(Feed) 1.003 8.42 1.057 .25 3.29 

-~ 

1 0.921 10.81 0.352 .01 .59 1,930 325 0.50 

2 .948 10.06 .631 .02 1.65 1,270 325 1 .o 
3 .902 11.54 .033 .01 .17 2,670 350 0.50 

4 .953 9.80 .700 .02 1.58 970 310 0.50 

5 .887 12.24 .001 .01 .09 2,880 375 0.50 

6 .877 12.39 .001 .01 .03 3,250 400 0.50 

7 .868 12.82 .001 .01 .06 5,010 400 0.35 

8 .962 9.68 .742 .01 2.00 980 325 1:o 

Per iod 4 was a t e s t  o f  a very m i l d  c o n d i t i o n  a f t e r  a weekend shutdown. Per iod 
7 was a t e s t  o f  the  l i q u i d  feed pump a t  a low r a t e .  Per iod 8 was a b r i e f  t e s t  f o r  
d e c l i n e  i n  a c t i v i t y  from per iod  2, a l though the  e n t i r e  opera t ion  was too shor t  f o r  
s i g n i f i c a n t  l i f e  t e s t i n g .  Periods i n  the  order  o f  2,1,3,5, and 6 were intended t o  
cover the des i red  range o f  inc reas ing  upgrading. 

Ames assay (1,2). 

Resul ts and Discussion 

increased w i t h  r e a c t i o n  temperatures i n  t h e  range o f  310 t o  400' C. 
of the product l i q u i d  a t  375OC decreased from 1.00 f o r  the feed t o  0.89 w h i l e  n i t r o -  
gen decreased from 1.06 wt-pct  t o  less  than .001 wt -pc t  and oxygen decreased from 
3.29 wt -pc t  t o  0.09 wt-pct .  
l i q u i d  feed t o  12.24 wt-pct  over t h i s  same range o f  n i t r o g e n  removal. Calculated 

The l i q u i d  feed and products were screened f o r  chemical mutagens by use o f  the 

The r e s u l t s  i n  t a b l e  1 show the  expected trends as hydro t rea t ing  s e v e r i t y  was 
S p e c i f i c  g r a v i t y  

Hydrogen conten t  increased from 8.42 wt -pc t  i n  the  
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hydrogen consumptions f o r  this range of  condi t ions varied from 970 t o  2,880 SCF/bbl 
which is  w i t h i n  the  ranges reported by o thers  (2 ,3) .  Precise  hydrogen content of 
the l iquid product, used in  ca lcu la t ion  of hydrogen consumption, was determined by 
NMR through the  courtesy of P h i l l i p s  Petroleum Company. Analysis of the e f f l u e n t  
gas did not include hydrocarbons heavier than ethane. Contributions of the heavier 
hydrocarbons t o  hydrogen consumption a r e  smal 1 f o r  hydrotreat ing a t  condi t ions which 
cause very l i t t l e  cracking of hydrocarbons s ince most of the  consumed hydrogen goes 
into the l iquid product. 

The d i s t i l l a t i o n  range of the  l iqu id  products was sh i f ted  downward a s  hydro- 
t rea t ing  severi ty  was increased ( t a b l e  2 ) .  The mignitude o f  the  s h i f t  of the simu- 
la ted  d i s t i l l a t i o n  i s  shown i n  the  l a s t  column which ind ica tes  8 t o  22 percent of 
the feed i s  converted t o  material boiling below the  f i v e  percent point of the feed. 

TABLE 2.  - Simulated d i s t i l l a t i o n  of l iqu id  feed and products 

Sample Temp., 'C . ,  a t  wt-percent d i s t i l l e d  wt-percent converted t o  below 
Period - 5 - 50 - 95 185" C 

(Feed) 185 255 379 

4 112 239 361 15 

2 131 247 369 9 

3 ' 101 235 344 18 

4 133 248 375 8 

5 96 229 331 21 

6 98 225 329 22 

7 94 221 326 21 

8 156 252 379 7 

The increase i n  product material boi l ing below 185' C r e s u l t s  la rge ly  from satu- 
ra t ion of aromatic rings and o le f ins  and from removal of heteroatoms. Some hydrocar- 
bons boiling lower than the feed would be formed-by cleaving of heteroatom l inkages,  
w i t h  very l i t t l e  cracking of hydrocarbons expected. For example, a l l  product l iqu ids  
had i n i t i a l  boiling points  c lose t o  t h a t  of benzenelcyclohexane. 

The r e s u l t s  of the  SalmonellalTyphimurium Mutagenicity (Ames) assay f o r  the feed 
and l iquid products a r e  given i n  t a b l e  3. The assay was run e s s e n t i a l l y  a s  described 
by Ames(1). 
which a r e  reverted by a wide var ie ty  of mutagens from requir ing h i s t i d i n e  i n  t h e i r  
growth media back t o  bacter ia  capable of synthesizing h is t id ine .  

The assay employs spec ia l ly  constructed s t r a i n s  of Salmonella Typhimuriurn 

81 

I 



TABLE 3. - Results of the Ames assay 
Number of Revertants 

Concentration, Without/Wi th Metabolic Activation 
Sample ug/pl ate TA 98 TA 100 

Feed 250 30/= 1441322 

Feed 100 3411122 1631% 

Feed 50 27/= 150/= 

Feed 25 21 1316 1501204 

Feed 5 31/113 1341178 

Background 0 21/60 1441142 

100 

100 

100 

100 

100 

151131 

191111 

2 3 k E  

16/64 

10140 

1341257 

176/232 

151/226 

158121 8 

161/194 

5 100 221 64 1621194 

6 100 19/70 1 2811 86 

7 100 17/65 153/218 

Background 0 25/66 169/220 

Some chemicals require metabolic activation (addition of microsomal enzymes) 
prior to showing mutagenic activity; thus, data are given as number of revertants 
without/with metabolic activation. 
correlation between positive carcinogenesis in animal tests and mutagenicity in the 
Ames test (1,4). 
show human risk. 

The untreated SRC-I1 was tested at five concentrations with Salmonella strains 
TA 98 and TA 100, generally considered the most sensitive strains. 
indicated in Table 3, an increase in the number of revertants greater than two times 
the background (no SRC-I1 feed or product) is sometimes considered to indicate a 
definite positive (mutagenic) response. The plates which showed a positive response 
by this criteria are underlined. 

Activity decreased with decreasing concentration for the untreated feed but was 
still nearly double the activity of the background at a concentration of 5 ug per 
plate. A product dose of one hundred micrograms was selected as a satisfactory 
screening test since a strong response was observed for the untreated SRC-I1 at this 
concentration and since no appreciable cytotoxicity was noted. The hydrogenation 
periods are listed in order of increasing severity of processing. Activity was 
decreased essentially to the background level when nitrogen content was decreased to 

The Ames test has thus far demonstrated a strong 

However, positive results from the Ames test do not conclusively 

In the results 
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0.35 wt-pct, oxygen content  was decreased t o  0.59 wt-pct  and hydrogen content  was 
increased from 8.4 t o  10.8 wt-pct. Th i s  occurred a t  process cond i t i ons  o f  325" C 
and 0.5 LHSV feed ra te ,  which had been planned as the lowest  reac t i on  temperature 
expected t o  g ive subs tan t i a l  upgrading. 

l i q u i d  t o  i d e n t i f y  more a c t i v e  components. 
mat ic  r i n g  s t ructures a re  impor tant  i n  t h i s  respect, w i th  mutagenica l ly  a c t i v e  com- 
ponents l i k e l y  t o  be i n  h ighe r -bo i l i ng  f r a c t i o n s .  
a l so  needed before making assessments concerning p o t e n t i a l  human r i s k .  

A more complete i n v e s t i g a t i o n  w i l l  r e q u i r e  t e s t i n g  o f  f r a c t i o n s  o f  t he  coal  
Ni t rogen and oxygen compounds and aro-  

Tests on mamnalian systems are 

Summary 

D i s t i l l a t e  coal  l i q u i d  from the  SRC-I1 process was hydrot reated i n  a bench-scale 
process u n i t  t o  prov ide a range o f  m i l d l y  upgraded products f o r  composit ional charac- 
t e r i z a t i o n  and screening f o r  mutagenic i ty .  
creased from 8.4 t o  12.24 wt-pct over  the range o f  process cond i t i ons  which re -  
moved e s s e n t i a l l y  100 percent o f  the n i t r o g e n  and 95 percent  o f  t he  oxygen. Results 
of the  Ames assay i nd i ca ted  mutagenic a c t i v i t y  o f  the l i q u i d  product decreased by an 
order  o f  magnitude f o r  35 percent removal o f  n i t rogen  and 52 percent removal o f  
oxygen. L iqu id  product w i t h  67 percent n i t rogen  removal and 82 percent  oxygen re -  
moval showed no mutagenic a c t i v i t y  d i s t i ngu ishab le  from t h a t  o f  t he  background sam- 
p les.  The f u l l  range o f  e f f e c t  i n  decreasing mutagenic a c t i v i t y  by the  Ames assay 
was covered by r e l a t i v e l y  m i l d  hydrotreatment, b u t  assessment o f  p o t e n t i a l  human r i s k  
must be confirmed us ing a d d i t i o n a l  mammalian-tests. 

Hydrogen content  o f  t he  l i q u i d  was in -  
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CATALYST DE ACT 1 VAT I O N  I N H Y  I) ROTK EAT I N G  

C O A L -  DERIVED LIQUIDS 

I n t r o d u c  t i o n  

Coal  l i q u e f a c t i o n  p r o c e s s e s  a r e  l i k e l y  t o  b e  commerc ia l -  

i z e d  w i t h i n  t h e  n e x t  d e c a d e .  C o a l - d e r i v e d  l i q u i d s  c o n t a i n  

l a r g e r  f r a c t i o n s  o f  h e t e r o a t o m s  ( s u l f u r ,  n i t r o g e n ,  oxygen)  t h a n  

p e t r o l e u m  l i q u i d s .  H y d r o p r ~ c e s s i n g  o f  t h e s e  l i q u i d s  w i l l  become 

n e c e s s a r y  t o  improvc  t h e  q u a l i t y  01. tlic p r o d u c t s .  C o n s i d c r a b l e  

work h a s  been done  i n  d e t e r m i n i n g  c a t a l y s t  d e a c t i v a t i o n  r a t e s  i n  

p e t r o l e u m  h y d r o p r o c e s s i n g .  However,  c o a l - d e r i v e d  l i q u i d s  d i f f e r  

c o n s i d e r a b l y  from p e t r o l e u m  l i q u i d s  i n  t h e i r  a r o m a t i c i t y ,  m e t a l s  

c o n t e n t  and  C / H  r a t i o .  C o a l - d e r i v e d  l i q u i d s  a r e  much h a r d e r  t o  

h y d r o p r o c e s s ,  c a u s e  more r a p i d  c a t a l y s t  d e a c t i v a t i o n ,  and  r e p r e s e n t  

a s t e p  upward i n  terms o f  d i f l i c u l t y  o f  h y d r o t r e a t i n g .  

C h a r a c t e r i z a t i o n  s t u d i e s  on  aged  c a t a l y s t s  c a n  p r o v i d e  a n  

u n d e r s t a n d i n g  o f  t h e  c a u s e s  f o r  c a t a l y s t  d e a c t i v a t i o n  and  may l e a d  

t o  optimum d e s i g n  o f  r e a c t o r s  a n d  improved  c a t a l y s t s .  C h a r a c t e r -  

i z a t i o n  01 t h r e e  d i f f e r e n t  c o a l -  l i q u e l a c t i o n  c a t a l y s t s  t h a t  have  

been i n  d i r e c t  c o n t a c t  w i t h  c0:il h;ivc I ~ c c r i  p c r f o r m c d  e a r l i e r  i n  

t h i s  l a b o r a t o r y  ( 1 , 2 , 3 ) .  I lowcvcr,  i n  t h e  p r e s e n t  s t u d y  a c a t a l y s t  

t h a t  had  been  u s e d  t o  h y d r o t r e a t  a c o a l - d e r i v e d  l i q u i d  i s  

c h a r a c t e r i z e d .  

E x p e r i m e n t a l  

Ni-Mo/A120g c a t a l y s t  s a m p l e s  were  o b t a i n e d  f rom a l a b o r a -  

t o r y - s i z e  t r i c k l e - b e d  r e a c t o r  t h a t  was u s e d  t o  h y d r o t r e a t  a n  e q u a l  
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volume m i x t u r e  o f  raw a n t h r a c c n c  o i l  and  s $ n t h o i l  l i q u i d .  The 

p r o p e r t i e s  of t h i s  p a r t i c u l a r  f e e d s t o c k  i s  g i v c n  i n  'Table 1 .  'l'he 

f e e d  o i l  had  a s u l f u r  c o n t e n t  o f  0 . 5 4  w t  %, a n i t r o g e n  c o n t e n t  o f  

1 . 2 1  wt b and 1 . 0 5  w t  b :ish. T;thlc T I  p r c s c n t s  t l i c  o p c r a t i n g  

c o n d i t i o n s  i n  t h e  t r i c k l e - b e d  r e a c t o r  f o r  t h c  p a r t i c u l a r  run  from 

which  t h e  c a t a l y s t  s a m p l e s  were o b t a i n e d .  A t  t h e  end  o f  t h e  r u n ,  

t h e  r e a c t o r  was s h u t  down and  t h e  r e a c t o r  was c u t  i n t o  t h r e e  d i f -  

f e r e n t  s e c t i o n s  and  c a t a l y s t  s a m p l e s  were o b t a i n e d  from t h e  t o p ,  

m i d d l e  and b o t t o m  s e c t i o n s  o f  t h e  r c n c t o r .  'l'he s p c n t  c a t a l y s t  

p e l l e t s  f rom t h e  t h r e e  d i f f e r e n t  s c c t i o n s  wcrc  a n a l y z e d  w i t h  a 

s c a n n i n g  e l e c t r o n  m i c r o s c o p e  (SEM) e q u i p p e d  w i t h  an e n e r g y  d i s -  

p e r s i v e  x - r a y  a n a l y z e r  (EDAX) a n d  w i t h  an c l c c - t r o n  m i c r o p r o b c .  In 

a d d i t i o n  s p e n t  c a t a l y s t s  were r c g c n c r a t e d  ( coke  b u r n t  o f f )  and  

t h e  h y d r o d e s u l f u r i  z a t i o n  (IIDS) and  h y d r o d c n i  t r o g e i i n t i o n  (HI)N) 

a c t i v i t i e s  o f  t h e  f r e s h ,  s p e n t  a n d  r e g e n e r a t e d  c a t a l y s t s  were 

compared .  

Mic roscopy  S t u d i e s  

Most o f  t h e  c a t a l y s t  s a m p l e s  u s e d  i n  t h e  mic roscopy  s t u d i e s  

were  p r e p a r e d  by  s e c t i o n i n g  t h e  c a t a l y s t ;  moun't ing t h c  c a t a l y s t  

i n  p o t t i n g  m a t e r i a l  on a SEM sample  h o l d e r ,  and  t h c n  g r i n d i n g  t h e  

e x p o s e d  s u r f a c e  f l a t  w i t h  v a r i o u s  g r i t s  down t o  0 . 2 5 ~  diamond d u s t .  

The l a p p e d  s a m p l e s  t h e n  were  c a r b o n  shadowcd. T h e s c  s a m p l e s  t h e n  

were i n s p e c t e d  i n  l i g h t  m i c r o s c o p y ,  SEM and  t h e  e l c c t r o n  m i c r o p r o b e .  

The SEN w i t h  EDAX was u s e d  i n  two modcs ,  f i r s t  c o n v c n t i o n a l  

i n s p e c t i o n  o f  t h e  s u r f a c e  c o u p l e d  w i t h  s p o t  a n n l y s c s  o f  d i s t i n c t i v e  
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f e a t u r e s .  The s e c o n d  mode was t o  s c a n  t l i c  s u r f a c e  f o r  s p c c i l i c  

e l e m e n t s .  l h e  m i c r o p r o b e  W R S  uscd  i n  t h r c e  modes ,  i n s p e c t i o n  o f  

t h e  s u r f a c e  e l c m e n t a l  s c a n s  ( t l i e s c  s c a n s  a r e  s u p e r i o r  t o  t l i c  E:DAX 

c l c i i i cn t a l  sc;111s) , and r i n x l l y  t o  r i n d  tlic e1ciiicrit;il rcspor i sc  a l o n g  

a 1 0 0  x 0 . 5  m i c r o n  l i n e  p a r a l l e l  t o  n t a n g e n t  t o  t l i c  c a t a l y s t  s u r -  

f a c e .  The l i n e  s c a n  was m e c h a n i c a l l y  d r i v e n  t o  swccp an a r e a  

n e a r  t h e  c a t a l y s t  e x t e r i o r  s u r f a c e .  

Samples  a l s o  were t h c n  p r c p a r e d  Iiy c l e a v i n g  the c a t a l y s t ,  

riiounting on an  SEN p o s t  and t h r n  removing  \ t i1  Cacc "cohc" by p lasma 

e t c h i n g .  T h i s  p r e p a r a t i o n  method r e v e a l s  t h c  d i s t r i b u t i o n  o f  

m i n e r a l  m a t t e r  on t h c  c a t a l y s t  . ;u rTace .  

A c t i v i t y  S t i i d i  e s  

I n  o r d e r  t o  d e t e r m i n e  t h c  a c t i v i t y  d e c a y  oE t h e  s p e n t  

c a t a l y s t s ,  t h c  s p e n t  c a t a l y s t s  werc r c g c i i c r a t c d  a n d  t h c  a c t i v i t i c s  

o f  t h e  s p e n t  c a t a l y s t s  wcrc  compared  w i t h  t h a t  o f  tlic f r e s h  and  

r e g e n e r a t e d  c a t a l y s t s  € o r  hydrodesu1fu r . i  z a t  ioii and  h y d r o d c n i t r o g e n -  

a t i o n  u s i n g  a m i x t u r e  of  d i b c n z o t h i o p h e n c  and  q u i n o l i n e  d i s s o l v e d  

i n  hexudecaiic a s  a f c e d s t o c k  .in a b a t c h  autoclave r c a c t o r .  E a r l i e r  

e x p e r i m e n t s  by Ch iou  and  O l s o n  ( 2 , 3 )  wcrc  done by c r u s h i n g  t h e  s p e n t  

p e l l e t s  t o  1 4 0  mesh. Fo r  t h i s  work ,  i n  o r d e r  t o  f i n d  o u t  the 

e f f e c t  o f  c r u s h i n g  tlic s p e n t  c a t a l y s t s ,  i t  was d c c i d c d  t o  c o n d u c t  

expc r i i i i cn t s  us.ing c r u s h e d  p a r t i c l e s  3 s  well a s  u s i n g  t h e  spc i i t  

c a t a l y s t s  a s  r e c e i v e d  (8 /10  m c s h ) .  

A m i x t u r e  o f  s p e n t  c a t a 1 y s t . s  from a l l  t h r c e  s c c t i o n s  o f  tlie 

r e a c t o r  was o h t n i n c d  and  t h i s  m i x t u r e  was d i v i d e d  i n t o  two I l a lves .  
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O I l c  h a l f  o f  t h i s  m i x t u r c  was g round  i o  ;i s i z r  o f  1 4 0  mcsli. Roth 

h a l v c s  were  r e g e n c r a t c d  by c o n t r o l  I c d  c o m b u s t i o n  o f  the cokc  

d e p o s i t e d  on t h e  c a t a l y s t .  The r c g c n e r a t i o n  p r o c c s s  was donc  by 

p a s s i n g  a 2 %  oxygen i n  h e l i u m  over t l i e  s p c n t  c a t a l y s t s  a t  ;I 

t e m p e r a t u r e  o f  4 5 0 ° C  a t  a f low r a t e  o f  100  cc /min .  The b u r n i n g  

p r o c c s s  was c.oti t iniicd u n t i l  tlic r ~ c i g l i t  oi' r c s i i ~ i a l  c i i t i i l y s t  

became c o n s t a n t .  

,\I1 t l ic c x p e r i n i c n t s  1,Icrc conduct.cd i n  ;I .500 c c  s t a n d a r d  

a u t o c l a v e  r c a c t o r  ( A u t o c l a v e  E n g i n e c r s ,  E r i c ,  P A )  c q u i p p e d  wi t l l  a 

v a r i a b l e  s p e e d  m a g n a d r i v e ;  t l i c  a u t o c l a v c  was o p c r u t c d  i n  b a t c h  mode. 

A s p e c i a l  - i n j c c t . i o n  s y s t c m  \$:is u s c d  t o  i n j e c t  :I s l u r r y  o f  c a t a l y s t ,  

r e a c t a n t s  a n d  c a r b o n  d i s u l f i d e  i n  a s m a l l  :imount o f  c a r r i e r  o i l  

i n t o  t h e  r e a c t o r  a f t e r  i t  had  h e e n  s t a b l i z c d  a t  r c n c t i o n  t e m p c r a -  

t u r e .  T h i s  t e c h n i q u e  a l l o w e d  t h e  p r e c i s e  d e f i n i t i o n  o f  zero  t i m e  

and  e l i m i n a t e d  c o m p l i c a t i o n s  i n c l u d i n g  r e a c t i o n  and  p o s s i b l e  

c a t a l y s t  a c t i v i t y  c h a n g e s  a r i s i n g  from l o n g  h e a t - u p  t i i i i es .  'The 

s y s t e m  has b e e n  d e s c r i b e d  e l s e w h e r e  ( 4 ) .  However,  t h e  abovc  t e c h -  

n i q u e  c o u l d  n o t  b e  u t i l i z e d  i n  r u n s  i n v o l v i n g  c a t a l y s t  p c l l e t s .  

For  t h e s e  r u n s  n spcc i i i l  b a s k e t  \\';is d c s i g n c t l  t h a t  h e l d  t l i c  c i i t a l y s t  

i n  p l a c e  i n s i d e  t h e  a u t o c l a v c  r e a c t o r .  ]:or t h e  p e l l e t  r u n s ,  t h e  

r e a c t a n t s  a n d  c a r b o n  d i s u l f i d e  i n  c a r r i e r  o i l  were  i n j e c t e d  a f t e r  

t h c  r e a c t o r  had  r c a c h e d  t h e  o p e r a t i o n  t c m p c r a t u r c .  'I'wo b l a n k  ri ins 

n o t  c o n t a i n i n g  c a t a l y s t  iwrc made t o  t l e t c r m i n c  rlic e f f e c t  o f  

r e a c t o r  wal ls  and  t h e  c a t a l y s t  b a s k c t .  

T a b l e  111 p r c s c n t s  thc  o p c r a t i n g  c o n d i t i o n s  Lor t l ie h a t c h  

a u t o c l a v e  r e a c t o r  f o r  a l l  t h e  r u n s  uscd  i n  t h i s  s t u d y .  N-hcxadccane  
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was u s e d  a s  a c a r r i e r  o i l .  A l l  c a t a l y s t s  were  p r e s u l f i d e d ,  and i n  

o r d e r  t o  m a i n t a i n  t h e  c a t a l y s t  i n  t h e  s u t T i d c d  T o m  d u r i n g  t h e  

r e a c t i o n ,  an  amount o f  C S z  e q u i v a l e n t  t o  0 . 0 5  v t  t o r  t h e  c a r r i e r  

o i l  was added  t o  t h e  i n j e c t i o n  t u b i n g  t o g e t h e r  w i t h  c a t a l y s t  and  

r e a c t a n t s .  Under t h e  o p e r a t i n g  c o n d i t i o n s  c a r b o n  d i s u l f i d e  was 

r a p i d l y  c o n v e r t e d  t o  hydrogcn  S U I  f i d e  and  m e t h a n e .  Thc amount o f  

C S z  c r e a t e d  1 . 4 %  h i g h e r  c o n c e n t r a t i o n  o f  fizS t h a n  t h a t  r e q u i r e d  t o  

keep  t h e  c a t a l y s t  i n  t h e  s u l f i d c d  fo rm.  L i q u i d  s a m p l e s  wcre  

a n a l y z e d  u s i n g  a g a s  c h r o m a t o g r a p h  e q u i p p e d  w i t h  a g l a s s  c a p i l l a r y  

column (OV101, 7 5  m )  . 

R e s u l t s  o f  M i c r o s c o p i c  I n v e s t i g a t i o n s  

The p r i o r  p a r t  o f  t h i s  s e c t i o n  p r e s c n t s  a f a i r l y  d e t a i l e d  

n a r r a t i v e  o f  t h e  SEM r e s u l t s  f o r  t h e  sample  t a k e n  from t h e  t o p  

( n e a r e s t  t h e  e n t r a n c e )  o f  t h e  r e a c t o r  and  t h e n  l e s s  c o m p l e t e  

d e s c r i p t i o n s  f o r  t h e  d a t a  g a t h e r e d  f o r  t h e  m i d d l e  and  bo t tom samples  

T h i s  i s  f o l l o w e d  by a p r e s e n t a t i o n  o f  t h e  r e s u l t s  from t h e  m i c r o -  

p r o b e  i n v e s t i g a t i o n s  and  p l a s m a  e t c h i n g .  The v a r i o u s  e x p e r i m e n t a l  

methods  y i e l d  a r e a s o n a b l y  c o n s i s t e n t  d e s c r i p t i o n  f o r  t h e  d e p o s i -  

t i o n  of m i n e r a l  m a t t e r  a n d  coke  a t  t h e  c a t a l y s t  s u r f a c e .  

SEM - Top Sample 

F i g u r e s  LA and  B a r e  c o n v c n t i o n c i l  p h o t o  m i c r o g r a p h s  O K  

t h e  p o l i s h e d  c r o s s  s e c t i o n  o f  t h e  c a t a l y s t  p e l l e t .  These  two 

f i g u r e s  show t h e  d e p o s i t i o n  o f  a n  i r r e g u l a r  c r u s t  a b o u t  7 5  m i c r o n s  

t h i c k  a r o u n d  t h e  e n t i r e  e x t e r i o r  s u r f a c e  o f  t h c  c a t a l y s t .  I n  

a d d i t i o n  t h e r e  i s  R t h i n  r e g i o n  a b o u t  1 0  m i c r o n s  t h i c k  which 
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a p p e a r s  on a b o u t  o n c - t h i r d  0 1  t h e  c a t a l y s t .  'I'hc c a t a l y s t  a l s o  

h a s  many c i r c u ] : l r  r e g i o n s  nhotrt 4 0  m i c r o n s  i n  d i a n i c t c r  which 

a p p e a r  d i s t i n c t  f rom t h e  p o l i s h e d  s e c t i o n  o f  t h e  c a t a l y s t .  

F i n a l l y  t h e  zone  n e a r  t h c  s u r f a c e  c o n t a i n s  many c r a c k s  w i t h  a 

t l i j ckncss  o f  1 - 5  ~ ~ ~ i c r o n s .  'I'Iic rougliricss oI' ~ l i c  c a t : i I y s t  cstcriur 

s u r f a c e  s u g g e s t s  t h a t  a s m a l l  p o r t i o n  o f  t h c  c a t a l y s t  may have  

s p a l l e d  away. The s m a l l e r  boxed  a r e a  i n  P i g u r e  I B  c o r r e s p o n d s  t o  

a zone  which  was examined  w i t h  s c a n n i n g  c l c c t r o n  m i c r o s c o p y .  Thc 

l a r g e r  r e c t a n g l e  c o r r e s p o n d s  t o  a zone e v a l u a t e d  w i t h  the c l c c t r o n  

m i c r o p r o b e  a n a l y z e r .  

F i g u r e  2A shows t h e  s u r f a c e  o f  t h c  c a t a l y s t  p e l l e t  a s  

s e e n  w i t h  a s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  I n  c o n t r a s t  t o  t h e  

l i g h t  m i c r o s c o p e ,  t h c  o u t e r  c r u s t  i s  s c c n  t o  c o n t a i n  many l a r g c  

(-1 mic ron)  c r a c k s .  I n  a d d i t i o n  t h e  o u t e r  c r u s t  c o n t a i n s  a b o u t  

2 0  p e r c e n t  of  small p a r t i c l e s  ( - 0 . 5  m i c r o n )  embedded i n  a n  i n d i s -  

t i n c t  m a t r i x .  The i n n e r  c r u s t  a l s o  i s  s e e n  t o  c o n t a i n  many v o i d s  

and  c r a c k s ;  t h i s  zone  a p p e a r s  t o  b e  made by  a g g r e g a t i o n  o f  s m a l l  

c r y s t a l s .  The c a t a l y s t  s u p p o r t  c o n t a i n s  a riumbcr 01 c x t c n d e d  

l a r g e  c r a c k s  n e a r  t h e  e x t e r n a l  s u r f a c e .  I n  a d d i t i o n  t h e r e  a r e  a 

number o f  s h a l l o w  d e p r e s s i o n s ,  4 0  m i c r o n s  i n  t h e  l a r g e s t  d i m e n s i o n  

which  w i l l  b e  d e s c r i b e d  more c o m p l e t c l y  l a t e r .  I n  summary t h e  

s u r f a c e  h a s  two d i s t i n c t  c r u s t s  a n d  a zone  c o n t a i n i n g  l a r g c  

f i s s u r e s  n e a r  t h e  e x t e r i o r  s u r f a c e .  

F i g u r e  2B i s  a n  aluminum a r e a  s c a n  made by r e c o r d i n g  t h e  

aluminum s i g n a l  f rom t h e  EDAX. F i g u r e s  2B and  2 A  c o r r e s p o n d .  
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T h e r e  a r e  t h r e e  d i s t i n c t  zoncs  f o r  the aliiminum s i k n a l ,  t h e  upper  

zone  f o r  p o t t i n g  m a t e r i a l ,  t h e  m i d d l e  zone  f o r  t h e  c r u s t ,  and  

t h e  bo t tom zone of  t h e  c a t a l y s t  s u p p o r t .  C l o s e r  i n s p e c t i o n  

r c v c a l s  t h a t  t h r  c r a c k s  sccn clearly i n  t h e  h a c k s c a t t c r  c l c c t r o n  

s c a n  a l s o  a p p e a r ,  a l t h o u g h  less  d i s t ~ n c t l y ,  i n  t h e  aluminum s c a n .  

The aluminum s c a n  shows t h a t  t h e  i n n e r  and  o u t e r  c r u s t  r e g i o n s  

c o n t a i n  aluminum and t h a t  t h e  c a t a l y s t  r x t e r i o r  s u r f a c e  has been  

roughened  i n  t h e  p r o c e s s .  

F i g u r e  3A i s  a SEM-EDAX a r e a  s c a n  f o r  s i l i c o n .  T h i s  s c a n  

shows t h a t  t h e  e x t e r i o r  c r u s t  c o n t a i n s  R h i g h  c o n c e n t r a t i o n  o f  

s i l i c o n ;  t h e  g r a y  ( i n t e r m e d i a t e )  zone on F i g u r e  2 B  c o r r e s p o n d s  

e x a c t l y  w i t h  t h e  b r i g h t  zone o f  F i g u r e  3 A .  I n  a d d i t i o n  t h e r e  i s  

somc p e n c t r a t i o n  o f  s i l i c o n  i n t o  t h e  i n t e r i o r  o f  t h e  c a t a l y s t  n e a r  

t h e  e x t e r i o r  s u r f a c e .  C a r e f u l  e x a m i n a t i o n  o f  t h e  c r u s t  r e g i o n  

i d e n t i f i e s  a few zones  ( - 1 5  m i c r o n s  a c r o s s )  o f  v e r y  h i g h  s i l i c o n  

c o n c c n t r a t  i o n .  

F i g u r e  3 8  i s  a SEM-EDAX a r e a  s c a n  f o r  c a l c i u m .  The c a l c i u m  

s i g n a l  i n  t h e  c a t a l y s t  i s  o n l y  s l i g h t l y  g r e a t e r  t h a n  b a c k g r o u n d ,  

and  t h e r e f o r e  t h e  zones  a r e  f a r  l e s s  d i s t i n c t .  However t h e  h i g h -  

s i l i c o n  r e g i o n  o f  F i g u r e  3A h a s  a c o r r c 5 p o n d i n g  b u t  l e s s  d i s t i n c t  

zone on t h e  c a l c i u m  s c a n .  I n  a d d i t i o n ,  t h e  m a j o r  c r a c k s  a p p e a r  

f a i n t l y .  Some zones  o f  h i g h  s i l i c o n  c o n c e n t r a t i o n  i n  t h e  c r u s t  

i n  t h e  c a l c i u m  s c a n  on 

c a l c i u m  s i g n a l  i n  t h c  c a t a l y s t  

i n  t h e  c a t a l y s t  i s  b a r e l y  

r e g i o n  of F i g u r e  

F i g u r e  3B. F i n a  

s u p p o r t ;  however 

above  background  

3A a p p e a r  as v o i d s  

l y  t h e r e  i s  a smal  

t h e  c a l c i u m  s i g n a l  
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F i g u r e  4 A ,  t h e  SEbl -EDAX Area Scan  f o r  S u l f u r ,  and  Figure 

4 B ,  t h e  SEM-EDAX Area  Scan  f o r  I r o n ,  w i l l  b e  d i s c u s s e d  t o g e t h e r .  

The d e m a r c a t i o n  be tween  t h c  c a t a l y s t  and  t h e  c r u s t  c a n  b c  s e e n  on  

b o t h  f i g u r e s  

i s  s u l f i d e d ,  

i n  t h e  i n t e r  

2A a p p e a r  f a  

b u t  i s  f a r  c l e a r e r  o n  t h e  i r o n  s c a n .  The c a t a l y s t  

and  t h e r e f o r e  t h c r c  s l i o u l d  hc ;I d i s t i n c t  s u l f u r  s i g n a l  

o r  o f  t h e  c a t a l y s t .  'fhc c r a c k s  s e c n  c l e a r l y  on F i g u r e  

n t l y  on t h e  s u l f u r  a r c i i  s c a n .  The c r u s t  r e g i o n  g i v e s  

a n e a r - p e r f e c t  c o r r e l a t i o n  h e t w e e n  t h c  two s i g n a l s .  I : u r the r ,  t h e  

h i g h  s c c t i o r i  zoncs a r c  s c c n  ;IS v o i d s  i n  t h c  two f i g u r e s .  ' r l lcrc 

i s  a f a i r l y  d i s t i n c t  zone  o f  h i g h e r  s u l f u r  c o n c e n t r a t i o n  i n  t h e  

c r u s t  l o c a t e d  i n  t h e  c e n t e r  o f  t h e  f i g u r e  which  a l s o  a p p e a r s ,  

a l t h o u g h  l e s s  c l e a r l y ,  i n  the  i r c n  s c a n .  T h u s  t h e  e x t e r i o r  and  

t h e  i n t e r i o r  c r u s t s  c o n t a i n  an  i r o n - s i l l f u r  compound.  Thcrr? i s  some 

p e n e t r a t i o n  o f  i r o n  i n t o  t h e  c a t a l y s t ,  and  s u l f u r  a p p e a r s  t h r o u g h o u t  

t h e  c a t a l y s t  i n t e r i o r .  

F i g u r e  SA i s  a t i t a n i u m  SEM-EDAX s c a n  o f  t h e  a r e a .  l'lie 

i n t e r i o r  c r u s t  r e g i o n  o f  F i g u r e  2 A  i s  s c e n  t c  c o n t a i n  a h i g h  con-  

c e n t r a t i o n  o f  t i t a n i u m .  I n  a d d i t i o n  t h e r e  i s  a s i g n i f i c a n t  con-  

c e n t r a t i o n  o f  t i t ; i n i u m  i n  tlic c x t c r i o r  c r u s t .  1 : i n a l l y  t l i c r c  is 

some p e n e t r a t i o n  o f  t i t a n i u m  i n t o  t h e  i i ca r  s u r f a c e  of  t h e  c a t a l y s t .  

F i g u r e  SB shows a molybdcnuin SEE.l-EI)AX s c a n  o f  he  c a t a l y s t .  

Molybdenum i s  t h e  m a j o r  a c t i v e  e l e m e n t  i n  t h e  c a t a l y s t  The 

molybdenum s i g n a l  c o r r e l a t e s  w i t h  t h e  i n t e n s e  aluminum s i g n a l  o f  

F i g u r e  2B. l'hc c r a c k s  i n  t h e  c a t a l y s t  c a n  b e  s e c n  a s  v o i d s  i n  

t h e  molybdenum s i g n a l .  
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The a r e a  s c a n n e d  i n  F i g u r e s  2A-5B were a l s o  examined f o r  

n i c k e l  and z i n c .  These  s c a n s  g a v e  no s i g n a l  above  background 

e v e n  t h o u g h  EDAX s p o t  and  l i n e  a n a l y s e s  showed t h a t  t h e s e  e l e m e n t s  

a r e  p r e s e n t .  I n d e e d ,  t h e  c a t a l y s t  c o n t a i n s  n i c k e l  a s  a h y d r o -  

g e n a t i o n  p r o m o t e r .  

F i g u r e  6 A  i s  a n  e l e c t r o n  b a c k s c a t t e r  r e a d o u t  t a k e n  i n  t h e  

m i c r o p r o b e  a n a l y z e r  p r i o r  t o  making t h e  l i n e  s c a n s .  T h i s  a r e a  

a p p e a r s  a s  t h e  l a r g e  r e c t a n g l e  on F i g u r e  1 B .  C o n s i s t e n t  w i t h  

F i g u r e  Z B ,  t h e  f i g u r e  shows a n  o u t e r  and  i n n e r  c r u s t ,  major  c r a c k s  

i n  t h e  c a t a l y s t  n e a r  t h e  s u r f a c e ,  and  s e v e r a l  f l a t  d e p r e s s i o n s  

a b o u t  40  m i c r o n s  i n  d i a m e t e r .  The l i n e  i n  t h e  c r u s t  r e g i o n  c o r r e s -  

ponds  t o  t h e  o r i e n t a t i o n  o f  t h e  6 0  m i c r o n  l i n e  s c a n  u s e d  t o  f i n d  

t h e  a v e r a g e  c o m p o s i t i o n  o f  t h e  c r u s t .  

F i g u r e  6 B  i s  t h e  t i t a n i u m  m i c r o p r o b e  a r e a  s c a n  which 

c o r r e s p o n d s  t o  F i g u r e  6 B .  The m i c r o p r o b e  area scan f o r  t i t a n i u m  

i s  much more s e n s i t i v e  t h a n  t h e  SEM-EDAX area s c a n ,  a n d  t h e r e f o r e  

more d e t a i l s  emerge :  t h e  i n n e r  c r u s t  i s  s e e n  t o  p r o d u c e  a v e r y  

h i g h  t i t a n i u m  s i g n a l .  The d e n s e  e x t e r i o r  c r u s t  c o n t a i n s  a n  i n t e r -  

m e d i a t e  c o n c e n t r a t i o n  o f  t i t a n i u m ;  however  t h e  c r u s t  i n  t h e  u p p e r  

l e f t  p o r t i o n  o f  t h e  f i g u r e  a p p e a r s  t o  be n e a r l y  f r ee  o f  t i t a n i u m .  

The s h a l l o w  c r a t e r s  a n d  t h e  c r a c k s  i n  t h e  c a t a l y s t  i n t e r i o r  a r e  

d e c o r a t e d  w i t h  t i t a n i u m .  Thus t h e  t i t a n i u m  i s . d i s t r i b u t e d  i n  a 

complex way t h r o u g h o u t  t h e  c r u s t  r e g i o n  o f  t h e  c a t a l y s t .  
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SEM - Middle  Sample 

F i g u r e s  7A and  7B a r e  c o n v e n t i o n a l  m i c r o g r a p h s  o f  t h e  

p o l i s h e d  s e c t i o n  o f  a c a t a l y s t  p e l l e t  t a k e n  from t h e  m i d d l e  o f  t h e  

r eac to r .  C o n s i s t e n t  w i t h  t h e  t o p  s a m p l e ,  t h e r e  i s  a n  i r r e g u l a r  

c r u s t  a b o u t  75  m i c r o n s  t h i c k  w h i c h  c o m p l e t e l y  c o v e r s  t h e  c a t a l y s t .  

1 , ikewise  t h e r e  i s  a t h i n  i n n e r  c r u s t  wliich c o v e r s  a h o u t  o n e - q u a r t e r  

o f  t h e  s u r f a c e .  Again  t h e  s u r f a c e  r c g i o n  o f  t h e  c a t a l y s t  h a s  

many f i s s u r e s ,  and  t h e  s p e n t  c a t a l y s t  h a s  many p o n d s  which  h,ave 

b e e n  d e c o r a t e d  w i t h  p r o c e s s  m a t e r i a l .  The r e c t a n g u l a r  r e g i o n  on 

F i g u r e  7 B  l o c a t e s  t h e  r e g i o n  examined  more c l o s e l y  w i t h  t h e  SEM-EDAX 

a n d  t h e  m i c r o p r o b e .  The r e g i o n  was c h o s e n  b e c a u s e  t h e  t h i n  c r u s t  

i s  u n u s u a l l y  f l a t  t h e r e .  

F i g u r e s  XA and  XB a r e  t h e  SEM i n s p c c t i o n s  o f  t h e  s e c t i o n e d  

c a t a l y s t .  Owing t o  t h e  g r e a t e r  d e p t h  o f  f i e l d  o f  t h e  SEM t h a n  f o r  

t h e  l i g h t  m i c r o s c o p e ,  t h e  c r a c k s  and  t h e  r o u n d  d e p r e s s i o n s  o f  t h e  

s u r f a c e  c a n  b e  s e e n  more c l e a r l y .  F i g u r e  XB, t a k e n  a t  80ox 

c o r r e s p o n d s  t o  t h e  r e g i o n  examined  by SEM-EDAX a r e a  s c a n s .  The 

l a t t e r  d a t a  are r e c o r d e d  i n  F i g u r e s  9 A - l l B .  

I n  harmony w i t h  t h e  t o p  sample  t h e  e x t e r i o r  c r u s t  h a s  a 

h i g h  s i l i c o n  c o n c e n t r a t i o n  ( F i g u r e  9A) and  c o n t a i n s  g r a i n s  o f  

e x t r e m e l y  h i g h  s i l i c o n  c o n c e n t r a t i o n .  The s i l i c o n  d e n s i t y  i n  t h e  

t h i r d  o f  t h e  c r u s t  n e a r e s t  t o  t h e  s u r f a c e  i s  g r e a t e r  t h a n  f o r  t h e  

o u t e r  t w o - t h i r d s ;  t h i s  d e n s i t y  v a r i a t i o n  a l s o  c a n  b e  s e e n  i n  t h e  

SEM m i c r o g r a p h s .  The c a l c i u m  C o n c e n t r a t i o n  ( F i g u r e  9B) i s  f a i r l y  
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u n i f o r m  i n  b o t h  t h e  c r u s t  and t h e  c a t a l y s t  i n t e r i o r .  T h e r e  i s  

more ca l c ium i n  t h e  c r u s t .  t h a n  i n  t h e  c a t a l y s t .  

The s u l f u r  ( F i g u r e  10A) and  i r o n  ( F i g u r e  10B)  a r e a  s c a n s  

show a v e r y  h i g h  c o r r e l a t i o n  f o r  t h e s e  two e l e m e n t s  i n  t h e  c r u s t ,  

a v e r y  low c o n c e n t r a t i o n  o f  i r o n  i n  t h e  c a t a l y s t ,  and  an  i n t e r -  

m e d i a t e  c o n c e n t r a t i o n  o f  s u l f u r  i n  t h e  c a t a l y s t .  These  r e s u l t s  

a r e  s i m i l a r  t o  t h e  t o p  sample .  

The t i t a n i u m  s c a n  ( F i g u r e  11A) shows a v e r y  h i g h  concen-  

t r a t i o n  of  t h i s  e l e m e n t  i n  t h e  i n n e r  c r u s t ,  a h i g h  c o n c e n t r a t i o n  

i n  t h e  o u t e r  c r u s t ,  and d e c o r a t i o n  o f  t h e  two s h a l l o w  d e p r e s s i o n s  

on F i g u r e  8B w i t h  t i t a n i u m .  I n  a d d i t i o n  t h e  s m a l l  p i e c e  o f  

m a t e r i a l  s i t t i n g  on t h e  s u r f a c e  o f  t h e  c a t a l y s t  a t  t h e  e x t r e m e  

l e f t  i s  h i g h  i n  t i t a n i u m .  T h i s  speck  a p p e a r s  t o  be  a p i e c e  of  

i n n e r  c r u s t  which may have  b e e n  d i s p l a c e d  d u r i n g  sample  p r e p a r a t i o n .  

Bottom Sample - 
F i g u r e s . 1 2 A  and 1 2 B  a r e  c o n v e n t i o n a l  p h o t o  m i c r o g r a p h s  o f  

t h e  s e c t i o n e d  and p o l i s h e d  c a t a l y s t  sample  t a k e n  f rom t h e  bot tom 

o f  t h e  r e a c t o r .  The s m a l l  s q u a r e  shown on F i g u r e  1 2 A  i s  examined 

a t  h i g h e r  m a g n i f i c a t i o n  with SEM; t h e  m i c r o g r a p h s  a r e  g i v e n  i n  

F i g u r e s  1 4 A  and 1 4 B .  The l a r g e  r e c t a n g l e  a r e a  i n  F i g u r e  12B was 

g i v e n  SEM-EDAX s c a n s ;  t h e  d a t a  a r e  g i v e n  on F i g u r e s  1 5 A - 1 7 B .  

The bot tom sample  i s  d i s t i n c t l y  d i f f e r e n t  f rom t h e  t o p  and  

midd le  samples .  F i r s t ,  t h e  cemented  e x t e r i o r  c r u s t  does  n o t  

c o v e r  t h e  e n t i r e  s u r f a c e ,  b u t  i n s t e a d  a p p e a r s  t o  have  f i l l e d  i n  
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r e g i o n s  where  t h e  s u r f a c e  o f  t h e  c a t a l y s t  h a s  s p a l l e d  away. 

Second ,  t h e r e  i s  no t i t a n i u m - r i c h  i n n e r  c r u s t  on t h e  c a t a l y s t  i n  

a l l  o f  t h e  s a m p l e s  i n v e s t i g a t e d .  

1 : igu res  13A and  13R show two m n g n i r i c a t i o n s  o f  t h e  

c a t a l y s t  a r e a  i n  a zone  where  c r u s t  h a s  fo rmed .  The enhanced  

d e p t h  o f  t h e  f i e l d  shows v e r y  l a r g c  c r a c k s  and  s e v e r a l  r o u n d ,  

s h a l l o w  p i t s  i n  t h e  c a t a l y s t  s u p p o r t .  'I'hcsc f c a t u r c s  o f  t h c  

b o t t o m  sample  a r e  i d e n t i c a l  t o  thc o t h c r  two s a m p l e s .  

F i g u r e s  1 4 A  and  1 4 B  a r e  two p i c t u r e s  a t  l O O C x  o f  t h e  s m a l l  

s q u a r e  i d e n t i f i e d  on  F i g u r e  1 2 A .  T h c s e  p i c t u r e s  show t h a t  t h e  

f l a t  c r a t e r  i s  f i l l e d  w i t h  p o l y c r y s t a l l i n e  m a t e r i a l  s m a l l e r  t h a n  

0 . 5  m i c r o n s  which  is s i m i l a r  t o  t h e  i n n e r  c r u s t  m a t e r i a l .  A s p o t  

E D A X  a n a l y s i s  shows t h a t  t h i s  zone  c o n t a i n s  s i g n i r i c a n t  q u a n t i t i e s  

o f  t i t a n i u m  . 

The SEM-EDAX a r e a  s c a n s  f o r  t h e  bo t tom sample  a r e  shown i n  

F i g u r e s  15A-17B. The  r e s u l t s  f o r  t h e  s i x  e l e m e n t s  S i ,  Ca, S ,  F e ,  

7'i and  Mo a r e  i d e n t i c a l  e f f e c t i v e l y  t o  t h e  m i d d l c  samplc  w th 

t h e  f o l l o w i n g  e x c e p t i o n s :  

a )  t h e r e  a r e  no  p a r t i c l e s  v e r y  h i g h  i n  s u l f u r  i n  t h e  c r u s t  

b )  t h e r e  i s  l e s s  d i f f e r e n c e  be tween  t h e  s u l f u r  c o n c e n t r a t i o n  i n  
t h e  c r u s t  and  i n  t h e  c a t a l y s t ,  

c )  t h e  t i t a n i u m  c o n c e n t r a t i o n  i n  t h e  o u t e r  c r u s t  i s  v e r y  d i s t i n c t ,  
a n d  t h e r e  i s  s i g n i f i c a n t  b u t  l ower  c o n c e n t r a t i o n  o f  t i t a n i u m  i n  
t h e  c a t a l y s t  c l o s c  t o  t h e  s u r F a c e ,  

d )  t h e  molybdenium i s  c l e a r l y  c o n f e r r e d  t o  t h e  c a t a l y s t .  
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Microprobe  R e s u l t s  

The e l e c t r o n  m i c r o p r o b e  r e s u l t s  a r e  d i s p l a y e d  on F i g u r e s  

18A, B ,  and C ;  t h i s  f i g u r e  i s  a r r a n g e d  t o  p e r m i t  a n  e a s y  com- 

p a r i s o n  oC t h e  tlircc saiiiplcs f o r  t h e  s c v c r a l  c lc r i icn ts  c o i l s i d e r e d .  

F i g u r e  18A i s  t h e  t o p  s a m p l e ,  18B t h e  m i d d l e  sample  and  18C t h e  

bot tom sample .  These  e l e m e n t s  were  examined  i n  e a c h  s c a n  and  t h e  

d a t a  a r e  r e f e r e n c e d  t o  t h e  aluminum s i g n a l .  The a m p l i t u d e  of t h e  

s i g n a l  i s  p r o p o r t i o n a l  t o  t h e  l i n e  a v e r a g e d  c o n c e n t r a t i o n  o f  t h e  

e l e m e n t .  

Molybdefium and n i c k e l  a r e  t h e  a c t i v e  e l e m e n t s  i n  t h e  

c a t a l y s t .  The molybdenum s i g n a l  i n  t h e  c r u s t  i s  o n l y  s l i g h t l y  

g r e a t e r  t h a n  b a c k g r o u n d ,  and  t h e r e f o r e  t h e r e  d o e s  n o t  a p p e a r  t o  b e  

m i g r a t i o n  o f  t h i s  e l e m e n t .  The n i c k e l  s i g n a l  was a m p l i f i e d  f a r  

more t h a n  molybdenum a n d  t h e r e f o r e  t h e  s i g n a l  h a s  f a r  more n o i s e .  

N i c k e l  i s  above  b a c k g r o u n d  i n  t h e  c r u s t  i n  1 8 A ,  B ,  and C a n d  t h e  

b r o a d e n e d  t r a n s i t i o n  o f  t h e  p r o f i l e  be tween t h e  i n t e r i o r  a n d  t h e  

c r u s t  s u g g e s t  t h a t  n i c k e l  h a s  m i g r a t e d  s l i g h t l y .  

I r o n  and  s u l f u r  a r e  f o u n d  i n  t h e  e x t e r i o r  c r u s t  o f  18A and  

18B and i n  t h e  c r u s t  o f  18C. P r e v i o u s  work h a s  e s t a b l i s h e d  t h a t  

t h i s  c r u s t  i s  n o n s t o i c h i o m e t r i c  f e r o u s  s u l f i d e .  T h i s  m a t e r i a l  

a p p e a r s  i n  s u r p r i s i n g l y  l a r g e  q u a n t i t i e s  i n  t h i s  i n v e s t i g a t i o n ;  

o b v i o u s l y  t h e  c o a l - d e r i v c d  l i q u i d  c a r r i c s  a l l  o f  t h e  m i n e r a l  found 

i n  c o a l .  On t h e  o t h e r  h a n d  i n  t h e  i n t e r i o r  t h e  i r o n  s i g n a l  d e c a y s  

t o  background l e v e l  w i t h i n  125  m i c r o n s  of  t h e  s u r f a c e  w h i l e  t h e  

s u l f u r  s t a b i l i z e s  on  t h e  v a l u c  a p p r o p r i a t e  t o  t h e  s u l f i d e d  c a t a l y s t .  
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Whenever t h e r e  i s  a v o i d  i n  t h e  c a t a l y s t  (1813 h a s  a c l c a r , e x a m p l e )  

t h e  aluminum and s u l f u r  s i g n a l  w i l l  d e c r e a s e  t o g e t h e r .  

T i t a n i u m ,  c a l c i u m  and s i l i c o n  a r e  e l c m e n t s  found i n  t h e  

m i n e r a l  m a t t e r  o f  c o a l .  The t i t a n i u m  s i g n a l  i n  1 8 A  and  188  shows 

c l e a r l y  t h e  i n n e r  c r u s t ;  t h e  c o n c e n t r a t i o n  o f  t i t a n i u m  i n  t h e  

i n n e r  c r u s t  i s  a b o u t  twice a s  high as  i n  t h e  e x t e r i o r  c r u s t  o f  18.4 

a n d  1 8 B  o r  t h e  o u t e r  c r u s t  o f  1 8 C .  Thus t h e  laydown o f  t h e  i n n e r  

c r u s t  a p p e a r s  t o  o c c u r  by a d i f f e r e n t .  mechanism t h a n  t h e  o u t e r  

c r u s t .  T h e r e  i s  a s u r p r i s i n g l y  l a r g e  p e n e t r a t i o n  o f  t i t a n i u m  i n t o  

t h e  i n t e r i o r  of t h e  c a t a l y s t .  The d e c o r a t i o n  o f  c r a c k s  and  v o i d s  

w i t h  t i t a n i u m  i s  s e e n  as  a n  i r r e g u l a r  b u t  d i m i n i s h i n g  p e n e t r a t i o n  

o f  t i t a n i u m  i n t o  t h e  c a t a l y s t  i n t e r i o r .  

S i l i c o n  i s  a m a j o r  component  i n  t h e  o u t e r  crust  o f  18A 

and  B and  i n  t h e  c r u s t  of  18C. F u r t h e r  t h e r e  i s  a s u b s t a n t i a l  

p e n e t r a t i o n  o f  t h i s  e l e m e n t  i n t o  t h e  c a t a l y s t  i n t e r i o r .  S i n c e  

s i l i c o n  i s  f o u n d  i n  t h e  c r a c k s  n e a r  t h e  s u r f a c e ,  i t  i s  a p p a r e n t  

t h a t  t h e  c a t a l y s t  i s  s p a l l i n g  away by i n t e r a c t i o n s  o f  t h e  m i n e r a l  

m a t t e r .  C a l c i u m ,  on t h e  o t h e r  h a n d ,  h a s  o n l y  a v e r y  weak s i g n a l  

i n  t h e  i n t e r i o r  o f  t h e  c a t a l y s t .  F u r t h e r  c a l c i u m  and s i l i c o n  

a p p a r e n t l y  e x c l u d e  e a c h  o t h e r  i n  t h e  s u r f a c e  c r u s t  and i n t e r i o r  

d e p o s i t i o n .  

t o p  

i n  

s a m p l e .  

h e  e a r  

The z i n c  s i g n a l  shows t h e  d e p o s i t i o n ' o f  v e r y  low q u a n t i t i e s  

o f  t h i s  m a t e r i a l  n e a r  t h e  c a t a l y s t  s u r f a c e ,  p a r t i c u l a r l y  i n  t h e  

Thus t h e  c a t a l y s t  a p p e a r s  more a c t i v e  f o r  d e p o s i t i o n  

y p a r t  o f  t h e  r u n ;  t h i s  a c t i v i t y  i s  l o s t  down t h e  r e a c t o r .  
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These  m i c r o p r o b e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  SEM and 

c l e c t r o n  m i c r o p r o b e  3rc3 S C ~ I I E .  llic inncr c r u s t  is  a r ea l  

phenomena, and  t h e  r e f r a c t o r y  components  o f  t h e  c l a y  m i n e r a l  

matter a r e  s m a l l  enough t o  p c n e t r a t c  i i  s i g n i f i c a n t  way i n t o  t h e  

c a t a l y s t .  I:eSx r e m a i n s  i n  t h e  f e e d  s l u r r y  and  bcconies f i r m l y  

a t t a c h e d  t o  t h e  c a t a l y s t  e x t e r i o r .  'l'licsc d e p o s i t s  d i m i n i s h  t h e  

e x t c n t  t o  which  t h e  c a t a l y s t  can  h c  r e g c n c r ; i t e d .  

P 1 a s m n  I' t ch e d-  S amp 1 c s 

Figures 191\ and  1 9 B  a r c  two mapni Citations o f  ;1 c a t a l y s t  

s ample  which has been  p l a sma  e t c h e d  t o  remove o x i d i z a b l e  m a t e r i a l  

"coke"  and t h e n  r e v e a l  t h e  f i r m l y  a t t a c h e d  e x t e r i o r  c r u s t .  

F i g u r e  18A shows two c l e a v a g e  p l a n c s  t h r o u g h  t h e  c a t a l y s t  and  t h e  

i r r e g u l a r  s u r f a c e  a t  t h e  l e f t  o f  t h e  p i c t u r e .  The e x t e r i o r  

s u r f a c e  i s  c o v e r e d  w i t h  waves  o f  d e p o s i t e d  m a t e r i a l .  F i g u r e  1 8 B  

shows t h e  marked r e c t a n g l e  on  18A a t  h i g h e r  m a g n i f i c a t i o n .  The 

s u r f a c e  c o n t a i n s  a g g r e g a t e s  o f  c r y s t a l l i n e  m a t e r i a l  w i t h  an 0 . 5  

t o  2 . 0  micron  c r y s t a l  s i z e .  (The l a r g e s t  c r y s t a l  i n  t l i c  E igurc  

was u s e d  a s  a m a r k e r .  T h i s  c r y s t a l  a p p e a r s  t o  be  a c h i p  h e l d  t o  

t h e  s u r f a c e  e l e c t r o s t a t i c a l l y . )  

F i g u r e  2 0 B  i s  a v i ew a l o n g  t h e  t r a n s v e r s e  a x i s  o f  a 

p e l l e t  c l e a v e d  on t h e  r a d i a l  p l a n e .  T h e  sample  was t a k e n  f rom 

t h e  bot tom o f  t h e  r e a c t o r  where  t h e  e x t e r n a l  c r u s t  i s  i r r e g u l a r .  

A f t e r  plasma e t c h i n g  no r e s i d u a l  c r u s t  was f o u n d .  llowever t h e  

r a d i a l  p l a n e  i s  d o t t e d  w i t h  round  p i t s  and  p l a t e a u s  which  have 

b e e n  o l ~ s e r v e d  i n  a l l  oT t h e  p o l i s h c d  s e c t i o n s .  The p i t s  n e a r  t h e  
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s u r f a c e  o c c a s i o n a l l y  a r e  p a r t i a l l y  fillcd w i t h  d c p o s i t c d  m i n e r a l  

m a t t e r .  F u r t h e r  t h e  e x t e r i o r  s u r f a c c  of t h e  c a t a l y s t  h a s  e r o d e d  

t o  become q u i t c  rough .  ' I 'his m i c r o g r a p h  shows t h a t  t h e  round  p i t s  

s e e n  i n  a l l  o f  t h e  m i c r o g r a p h s  a r c  n o t  an a r t i f a c t  o f  s amplc  

p r e p a r a t i o n .  

C a t a l y s t  A c t i v i t y  R e s u l t s  

A t o t a l  o f  e i g h t  e x p e r i m e n t a l  r u n s  were  c o n d u c t e d .  T a b l e  

I V  p r c s e n t s  t h e  c a t a l y s t s  u scd  i n  cacli  r u n .  'Two of  t h e  r u n s  iwrc 

b l a n k  TUnS t o  d e t e r m i n e  t h e  background  a c t i v i t y  o f  t h e  r e a c t o r .  

The f r e s h ,  s p e n t  and  r e g e n e r a t c d  c a t a l y s t s  were u s e d  i n  two d i f -  

l c r c n t  s i z c s  compr i . s ing  o f  t h e  o t l i c r  s i x  r u n s .  A l l  c x p c r i m c n t s  

were  c o n d u c t e d  a t  t h e  same o p e r a t i n g  c o n d i t i o n s  p r e s e n t e d  i n  

T a b l e  111. However t h e  d u r a t i o n  o f  t h e  r u n s  v a r i e d .  

F i g u r e s  2 1  and  2 2  show t h c  t o t a l  n i t r o g c n  rcmoval  a n d  t h c  

t o t a l  s u l f u r  r emova l  f o r  c r u s h e d  c a t a l y s t  r u n  i n  t h c  f r c s h ,  s p e n t  

and  r e g e n e r a t e d  s t a t e s .  These  f i g u r c s  show t h a t  t h e s c  r e a c t i o n s  

f o l l o w  pseudo f i r s t - o r d e r  k i n e t i c s  o v c r  l i m i t e d  r a n g e s  o f  e l e m e n t  

r e m o v a l .  E q u i v a l e n t  p l o t s  a r e  o b t a i n e d  f o r  r u n s  made w i t h  t h e  

t h r e e  s t i i tcs  o f  p c l l c t c d  c a t a l y s t s .  

T a b l c  V p r e s e n t s  t h c  f i r s t - o r d c r  r a t e  p a r a m e t c r s  c o r r c c t c d  

f o r  I)ackground a c t i v i t y .  'This ta1) Ic  shows t h a t  t h c  p c l l c t c d  

c a t a l y s t s  have  e i t h e r  e q u a l  o r  l n r g c r  a c t i v i t i e s  t h a n  t h e  c o r r e s -  

p o n d i n g  c r u s h e d  c a t a l y s t ;  t h c s e  r e s u l t s  a r e  c o n t r a r y  t o  t h e  u s u a l  

e f f c c t  o r  i s o t h c r m a l  t r a n s p o r t  1 i m i t a t i o n s  i n  c : t t a l y s t s .  'Thcsc 

r e s u l t s  w i l l .  be  d e s c r i b e d  more f u l l y  bc low.  
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F i g u r e  23 shows t h e  ne twork  f o r  t h e  h y d r o g e n o l y s i s  o f  

q u i n o l i n e  d e v e l o p e d  by  S h i h  e t  a l .  4). Thc i n d i v . i d u a 1  r o t e  

c o n s t a n t s  f o r  t h i s  ne twork  a r e  o b t a  ned as  p s e u d o  f i r s t - o r d e r  

r a t e  p a r a m e t e r s  u s i n g  t h e  t e c h n i q u e s  d e v e l o p e d  by Il immelblau e t  a l .  

( 5 ) .  The e x p e r i m e n t a l  d a t a  were  a n a l y z e d  u s i n g  t h r e e  d i f f e r e n t  

w e i g h t i n g  schemes  and  t h e  b e s t  w e i g h t i n g  sc.henle was c h o s e n  b a s e d  

on  t h e  o v e r a l l  f i t  o f  t h e  d a t a  and  t h e  r e d u c t i o n  o f  t h e  sum s q u a r e  

e r r o r .  F i g u r e s  2 4  and  2 5  show :I c o m p a r i s o n  o f  t h e  d a t a  w i t h  t h e  

p a r a m e t r i c  r e p r e s e n t a t i o n .  These  f i g u r e s  show r e a s o n a b l e  a g r e e -  

ment  be tween t h e  model and  t h e  d a t a ;  t h e  pseudo f i r s t - o r d e r  form 

p r o v i d e s  a s i m p l e  and  a d e q u a t e  r e p r e s e n t a t i o n  o f  t h e  n e t w o r k .  

The i n d i v i d u a l  r a t e  p a r a m e t e r s  f o r  t h i s  ne twork  a n a l y s i s ,  

c o r r e c t e d  f o r  background  r e a c t i v i t y ,  a r c  p r c s c n t e d  i n  'l 'ablc V I .  

The r a t e  p a r a m e t e r s  f o r  p e l l e t s  a r e  l o w e r  t h a n  t h o s e  f o r  c r u s h e d  

c a t a l y s t  i n  t h e  t h r e e  s t a t e s ,  f r e s h ,  s p e n t  a n d  r e g e n e r a t e d  f o r  a l l  

p a r a m e t e r s  e x c e p t  k 

o f  1,2,3,4-tetrahydroquinoline t o  o r t h o p r o p y l a n i l i n e ;  t h e  r a t e  p a r a -  

meter f o r  s u b s e q u e n t  s t e p  f o r  n i t r o g e n  r emova l  c a n n o t  b e  o b t a i n e d  

r e l i a b l y  from t h e  d a t a ,  and t h u s  t h i s  s t e p  r e p r e s e n t s  an : ipparent  

d e a d  e n d  f o r  n i t r o g e n  r e m o v a l .  Hence i t  i s  u s e f u l  t o  c a l c u l a t e  

t h e  c o n c e n t r a t i o n  o f  a l l  i n t e r m e d i a t e  n i t r o g e n  compounds u s i n g  

t h e  p a r a m e t e r s  o f  t h e  r e a c t i o n  n e t w o r k .  

The p a r a m e t e r  k6  g o v e r n s  t h e  c o n v e r s i o n  
6 '  

F i g u r e  26 compares  t h e  d a t a  f o r  t o t a l  n i t r o g e n  c o n c e n t r a t i o n  

lq i th  t h e  v a l u e s  p r e d i c t e d  by t h e  model f o r  f r e s h  c r u s h e d  c a t a l y s t ;  

~ i lodc l  r c p r c s e n t s  the  d a t a  adequately. S i i i i i l a r  coii ipai isoils 
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were made with the other five cases, and the experimental data 

are represented with equivalent acceptability. Thus the network 

representation i s  consistent with the overall rate of nitrogen 

removal f o r  all cases. 

There is direct evidence that some of the reaction rates 

in pellets are inhibited by transport considerations. Figure 2 7  

shows the 1,2,3,4-tetrahydroquinoline (1THQ) and quinoline concen- 

trations as a function of  time for fresh crushed and pellet cata- 

lysts runsunder otherwise identical conditions. Consistent with 

the lower forward apparent rate parameter for the reversible 

reaction, the pellet data show a higher concentration of quinoline, 

a lower concentration of lTHQ, than f o r  crushed catalyst. In 

addition the maximum in the 1THQ concentration occurs earlier f o r  

the crushed catalyst than for the pelleted run. Therefore the 

pellets exhibit direct evidence for transport limitations in the 

catalyst. 

The utility of this assumption can be tested by calculating 

the effectiveness factor for the pellet catalyst based upon the 

crushed catalyst parameters. This calculation assumes that the 

crushedLcatalyst is small enough to give intrinsic rates for all 

rates; this assumption can be examined later. Table VI1 outlines 

the results o f  the calculation. 

The parameter values for the pellet catalyst agree reason- 

ably well with the calculated values; the exceptions are k 6  and k 8 .  
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A s i m i l a r  c a l c u l a t i o n  f o r  t h e  r e g e n e r a t e d  [ T a h l e  V I I I )  c a t a l y s t  

shows t h a t  a g a i n  w i t h  t h c  c x c c p t i o n  o f  k 6  t h e  c a l c u l a t e d  v a l u e s  

f o r  t h e  p e l l e t  c a t a l y s t  a r e  t o o  h i g h  i n  c o m p a r i s o n  t o  t h e  d a t a .  

The low v a l u e s  found f o r  t h c  p e l l e t s  show t h a t  t h e r e  i s  a 

s i g n i f i c a n t  l o s s  i n  t h e  e f f e c t i v e  d i f f u s i v i t y  € o r  t h e  p e l l e t s .  

T h i s  l o s s  i s  t h e  r e s u l t  of d e p o s i t i o n  o f  m i n e r a l  matter on t h e  

e x t e r i o r  o f  t h e  p e l l e t s ;  t h i s  t r a n s p o r t  r e s i s t a n c e  i s  removed ( o r  

a v o i d e d )  when t h e  r e g e n e r a t e d  c a t a l y s t  i s  c r u s h e d .  

T a b l e  I X  g i v e s  t h e  p e r c e n t a g e  a c t i v i t y  r e m a i n i n g  i n  t h e  

f i v e  c a t a l y s t  f o r m s  r e l a t i v e  t o  f r e s h  c r u s h e d  c a t a l y s t .  The v a l u e s  

o b s e r v e d  s t e m  f rom s e v e r a l  c a u s e s :  1 )  i n t r i n s i c  l o s s  i n  k i n e t i c  

a c t i v i t y ,  t h u s  t h e  s p e n t  c a t a l y s t  has a b o u t  3 - 4  p e r c e n t  o f  t h e  

f r e s h  c a t a l y s t  a c t i v i t y  and t h e  r e g e n e r a t e d  c a t a l y s t  h a s  c i r c a  

6 0  p e r c e n t  o f  t h e  o r i g i n a l  a c t i v i t y ;  2 )  i n t e r n a l  d i f f u s i o n a l  

t r a n s p o r t  l o s s e s ;  3 )  c o n t r i b u t i o n s  f rom t h e  e x t e r n a l  a n d  n e a r  

s u r f a c e  m i n e r a l  mater ia l  on t h e  p e l l e t s ,  and  4 )  a n  a b n o r m a l  e n -  

hancement  o f  t h e  k6 a n d  k g  r a t e  p a r a m e t e r s  i n  p e l l e t s .  

r e f e r e n c e  t o  t h e  l a t t e r ,  Bhinde  ( 6 )  h a s  shown t h a t  t h e  h y d r o g e n o l y s i s  

r a t e  h a s  t h e  a p p r o x i m a t e  form r a t e  = k K C / ( l + K C ) ' ,  where C i s  t h e  

r e a c t a n t  c o n c e n t r a t i o n  and K i s  t h e  a d s o r p t i o n  t e r m .  'I 'his r a t e  

e x p r e s s i o n  i s  n e g a t i v e  o r d e r  f o r  KC g r e a t e r  t h a n  o n e ,  and  t h u s  a 

d e c r e a s i n g  c o n c e n t r a t i o n  p r o f i l e  t o  t h e  c e n t e r  o f  t h e  p e l l e t  w i l l  

i n c r e a s e  t h e  e f f e c t i v e  r e a c t i o n  r a t e .  Thus t h e  e n h a n c e d  o v e r a l l  

r a t e  f o r  HDN i n  p e l l e t s  i s  i n  p a r t  t h e  r e s u l t  o f  c o u p l i n g  t r a n s p o r t  

l i m i t a t i o n s  w i t h  t h e  v e r y  s t r o n g  a d s o r p t i o n  e q u i l i b r i u m  o f  n i t r o g e n  

h e t r o c y c l e s .  

With 
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The r e a c t i o n  n e t w o r k  shown I I I  F i g u r e  2 8  f o r  d i b c n z o -  

t h i o p h e n e  h y d r o d e s u l f u r i z a t i o n  h a s  been  d e t e r m i n e d  e a r l i e r  by 

I l o u a l l a  C t  a l .  ( 7 ) .  I ~ ~ W C V C ~ ,  t h c i r  r c a c t i o n  nctwork was d c t c r -  

mined u s i n g  o n l y  d i b e n z o t h i o p h e n e  a s  a r e a c t a n t .  I n  th i s  s t u d y ,  

d i b e n z o t h i o p h e n e  and  b i p h e n y l  were o b s c r v c d  f o r  t h e  c r u s h e d  

p a r t i c l e s ,  and r u n s  u s i n g  p e l l e t s  c o n t a i n e d  t r a c e s  o f  c y c l o h e x y l  

b e n z e n e  i n  a d d i t i o n  t o  t h e  a b o v e  two p r o d u c t s .  C o n c e n t r a t i o n  

p r o f i l e s  s u g g e s t e d  t h a t  c y c l o h e x y l  benzene  i s  a s e c o n d a r y  p r o d u c t .  

Bhinde  ( 6 )  found t h a t  q u i n o l i n e  i n h i b i t s  tlic h y d r o g e n a t i o n  s t e p s  

i n  t h e  d i b e n z o t h i o p h e n e  n e t w o r k  s t r o n g l y ,  and  i n  o u r  e x p e r i m e n t s  

t h e  c o n c e n t r a t i o n  o f  q u i n o l i n e  was v c r y  h i g h .  

I- 

Based on  a l l  t h e  above  i n f o r m a t i o n  t h c  d i l ) e n z o t h  i ophene 

HDS d a t a  w e r e  a n a l y z e d  u s i n g  t h e  f o l l o w i n g  n e t w o r k :  

k2  > BP ____) C H B  
k l  

DBT 

T a b l e  V I 1 1  p r e s e n t s  t h e  i n d i v i d u a l  r a t e  c o n s t a n t s .  The t a b l e  

shows t h a t  s p e n t  c a t a l y s t  had  a v e r y  low a c t i v i t y .  However, u n l i k e  

n i t r o g e n  r e m o v a l ,  t h e  s p e n t  c a t a l y s t  i s  n o t  t o t a l l y  n o n - r e a c t i v e .  

For  f r e s h  c a t a l y s t  t h e  p e l l e t s  are  s i g n i f i c a n t l y  more a c t i v e  t h a n  

c r u s h e d  p e l l e t s .  F u r t h e r  c y c l o h e x y l  b e n z e n e ,  a h y d r o g e n a t e d  

p r o d u c t  from b i p h e n y l ,  was f o u n d  o n l y  i n  t h e  p e l l e t  r u n s .  B r o d e r i c k  

( 8 )  and  S a p r e  ( 9 )  h a v e  s t u d i e d  b i p h e n y l  h y d r o g e n a t i o n  and h a v e  shown 

t h a t  b i p h e n y l  h y d r o g e n a t i o n  i s  e x t r e m e l y  s l o w  and  i s  s e v e r e l y  

i n h i b i t e d  by t h e  p r e s e n c e  o f  q u i n o l i n e .  'This o b s e r v a t i o n  c a n  b e  

e x p l a i n e d  i n  terms o f  t r a n s p o r t  l i m i t a t i o n s  i n  p e l l e t  r u n s  i n  two 
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d i f f e r e n t  ways. S i n c e  t r a n s p o r t  1 i i i i i t i i t i o n s  e x i s t  i n  the casc  o f  

p e l l e t s ,  t h e  b i p h e n y l  c o n c e n t r a t i o n  will p r o b a b l y  be h i g h e r  i n  t h e  

i n t e r i o r  o f  t h e  c a t a l y s t  p a r t i c l e s  t h a n  f o r  c r u s h c d  c a t a l y s t .  

'The h i g h c r  c o n c e n t r a t i o n  o f  h i p l i c n y l  and t h e  s i g n i f i c a n t l y  l o n g c r  

r e s i d e n c e  time i n  t h e  c a t a l y s t  couple t o  i n c r e a s e  t h e  p r o b a b i l i t y  

o f  f o r m a t i o n  o f  c y c l o h c x y l h c n z c n c .  'l'lir c o n c c n t r a  t ion  p r o l i  I C  ( o r  

n i t r o g e n  h e t r o c y c l e s  i n  t h e  c a t a l y s t  i n t e r i o r  a l s o  c o n t r i b u t e s  t o  

t h e  o b s e r v e d  d i f f e r e n c e  b e t w e c n  p e l l e t s  and c r u s h e d  c a t a l y s t s .  

The c a t a l y s t  p e l l e t s  have  a l o w e r  i n t e r i o r  c o n c e n t r a t i o n  

o f  q u i n o l i n e  a n d  THO a s  o p p o s e d  t o  t h e  c r u s h e d  p a r t i c l e s ,  and hence  

t h e  i n h i b i t i n g  e f f e c t s  o f  q u i n o l i n e  o n  d i b e n z o t h i o p h e n e  i s  l o w e r  

i n  t h e  c a s e  o f  p e l l e t s .  Thus t h c  i n t e r i o r  r e a c t i v i t y  i s  h i g h e r  

f o r  p e l l e t s ,  b u t  t h e  o v e r a l l  r a t e  i s  l o w e r  t h a n  would b e  o b s e r v e d  

i f  q u i n o l i n e  were a b s e n t .  

D i s c u s  s i o n  

The p h o t o m i c r o g r a p h  d a t a  p r o v i d e s  d e t a i l e d  i n f o r m a t i o n  on 

t h e  d e a c t i v a t i o n  o f  c a t a l y s t  and  a n  o p p o r t u n i t y  t o  compare t h e  

h y d r o p r o c e s s i n g  o f  a c o a l - d c r i v c d  l i q u i d  w i t h  t h e  h y d r o p r o c e s s i n g  

of  c o a l .  These  d a t a  supplerncnt  t l i c  i c s u l t s  f rom t h c  a c t i v i t y  s t u d i c s .  

The one p e r c e n t  s u s p c n d c d  n i i n c r a l s  111 t h c  f e e d  i s  v e r y  

s i g n i f i c a n t  i n  t h e  d e a c t i v a t i o n  o f  t h e  c a t a l y s t .  These  s u s p e n d e d  

m a t e r i a l  a r e  v e r y  f i n e l y  d i v i d c d  a n d  t l i e r c f o r c  c a n  p e n e t r a t e  

r a t h e r  e a s i l y  i n t o  t h e  i n t e r i o r  o f  t h e  c a t a l y s t .  Hence s i l i c o n ,  

which  i s  a m a j o r  c o n s t i t u e n t  o f  t h e  c l a y s  i n  c o a l ,  i s  found i n  

t h e  i n t e r i o r  1 0 0  m i c r o n s  o f  t h e  c a t a l y s t  i n  a l l  t h r e e  s a m p l e s .  
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T h i s  o l i s e r v a t i o n  i s  c o n s i s t c r i t  w i t h  the b c l i a v j o r  o f  c o a l  h y d r o -  

p r o c e s s i n g  e x p e r i i n e n t s .  

The c a t a l y s t  i s  d e a c t i v a t e d  by tlic laydown o f  c o k e .  

The p l a s m a  e t c h i n g  e x p e r i m e n t s  show t h a t  t h e  e x t e r i o r  c r u s t  i s  

l a r g e l y  c o k e ,  and r e g e n e r a t i o n  b y  b u r n i n g  d e c r e a s e s  t h e  saiaple  

w e i g h t  b y  t w e n t y  p e r c e n t .  T h u s  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  

a c t i v i t y  c a n  b e  r e g a i n e d  h y  b u r n i n g  away t h c  c o k e  d e p o s i t s  as 

cv idc i iccd  by tlic r e s u l t s  froiii a c t i v i t y  s t u i l i c s ,  I~owcvc'r t l i c  dcposi  tcd  

m i n e r a l  matter r e m a i n s .  

The e x t e r i o r  c r u s t  a l s o  c o n t a i n s  I:cSx; p r e v i o u s  s t u d i e s  

The c r y s t a l  s i z e  o f  have shown t h a t  t h e s c  d e p o s i t s  a r e  F e S l . l .  

FeS, i s  s m a l l e r  i n  t h i s  s y s t e m  t h a n  f o r  t h e  s y n t h o i l  c a t a l y s t .  

' l 'hcre i s  no e v i d e n c e  t h a t  t h e  FeSx was formcd i n  t h e  t r i c k l e - b e d  

r e a c t o r ;  t h e  weak p e n e t r a t i o n  o f  i r o n  i n t o  t h e  c a t a l y s t  c o r r e l a t e s  

w i t h  t h e  p e n e t r a t i o n  o f  s i l i c o n ,  a n d  i t  t h e r e f o r e  a p p e a r s  t h a t  

FeS, i s  cemented  on t h e  c a t a l y s t  w i t h  c o k e .  

The n i c k e l  p r o f i l e s  i n d i c a t e  a s m a l l  m i g r a t i o n  o f  t h i s  

c l e i n c n t  away from t h e  c a t a l y s t  s u p p o r t  i n t o  t h e  c r u s t  on t h c  s u r f a c e .  

'l'he m i g r a t i o n  o f  t h i s  p r o m o t e r  may a r r e c t  c a t a l y s t  f u n c t i o n ;  i n  

p a r t i c u l a r  t h e  e f f e c t  o f  n i c k e l  upon t h c  r a t e  o f  c o k i n g  may cl iangc.  

The most  u n i q u e  f e a t u r e  o f  t h c s e  s t u d i e s  i s  t h e  f o r m a t i o n  

o f  t h e  t i t a n i u m - r i c h  i n n e r  c r u s t  011  t h c  t o p  a n d  m i d d l e  c a t a l y s t  

samplcs .  
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Spent  c a t a l y s t  was f o u n d  t o  b e  e s s e n t i a l l y  n o n - r e a c t i v e  

f o r  b o t h  s u l f u r  a n d  n i t r o g e n  r e m o v a l .  Network a n a l y s i s  f o r  

q u i n o l i n e  HDN and  d i b e n z o t h i o p h e n e  HDS i n d i c a t e  t h a t  t h e  laydown 

o f  c o k e  seems t o  a f f e c t  b o t h  h y d r o g e n a t i o n  a n d  b o n d - b r e a k i n g  

s t e p s  i n  t h e  same way. The r e s u l t s  f rom t h e  e x p e r i m e n t s  u s i n g  t h e  

r e g e n e r a t e d  c a t a l y s t s  show t h a t  h a l f  o f  t h e  a c t i v i t y  was r e c o v e r e d  

by t h e  r e g e n e r a t i o n  p r o c e s s .  A c o m p a r i s o n  o f  t h e  r u n s  u s i n g  

c a t a l y s t  p e l l e t s  and  c r u s h e d  p a r t i c l e s  shows t h a t  t h e  c a t a l y s t  

i n t e r i o r  i s  f i l l e d  w i t h  c o k e  and  i n a c t i v e .  T h e s e  r e s u l t s  a l s o  

r a i s e  some i n t e r e s t i n g  q u e s t i o n s  on  t h e  i n t e r p l a y  be tween d i f f u -  

s i o n  l i m i t a t i o n s  and  t h e  i n t e r a c t i o n s  be tween n i t r o g e n  and  s u l f u r -  

c o n t a i n i n g  compounds upon t h e  i n t r i n s i c  k i n e t i c s .  

The r e s u l t s  p r e s e n t e d  h e r e  a r e  s i m i l a r  t o  t h e  o n e s  

o b s e r v e d  from c h a r a c t e r i z a t i o n  s t u d i e s  p e r f o r m e d  on c a t a l y s t s  t h a t  

h a v e  b e e n  i n  d i r e c t  c o n t a c t  w i t h  c o a l ,  e x c e p t  f o r  a few minor  

d i f f e r e n c e s  . 

S i n c e  5 0  t o  60 p e r c e n t  o f  t h e  c a t a l y s t  a c t i v i t y  can  h e  

r e c o v e r e d  by b u r n i n g  t h e  c o k e ,  t h e  m i n e r a l  matter i s  s e c o n d a r y  i n  

t h e  d i r e c t  d e a c t i v a t i o n  o f  t h e  c a t a l y s t .  I lowever ,  t h e  d e p o s i t e d  

m i n e r a l  m a t t e r  i s  a p o t e n t i a l  c a t a l y s t  f o r  c o k e  f o r m a t i o n ;  t h u s  

t h e  e f f e c t i v e  l i f e t i m e  f o r  t h e  r e g e n e r a t e d  c a t a l y s t  may be l ess  

t h a n  t h a t  f o r  a f resh c a t a l y s t .  

Acknowledgements  

Th i s  work was s u p p o r t e d  by a g r a n t  from t h e  Depar tment  

o f  Energy .  

107 



1, i tcr : i turc  Ci t c d  

1. Stanulonis, J. J., Gates, B. C., and O l s o n ,  J. H., AIChE J., 

2 2 ,  576 (1976). 

2. Chiou, M. J .  and Olson, J. l i . ,  Atn. Chem. SOC., Uiv. Pet. Chem., 

Prepr., 23 ( 4 ) ,  1421 (1978) 

3 .  Chiou, M. J. and Olson, J. H., 'Catalyst Deactivation in Coal 

Liquefaction Processes,' submitted to AIChE J. 

4. Shih, S. S., Katzer, J. R., Kwart, I I . ,  and Stiles, A. B., 

Am. Chem. SOC.; Div. Pet. Chem. Prepr., z ( 3 ) ,  919 (1977) 

5. Himmelblau, P. M., Jones, C. R., and Bischoff, K. B., Ind. Eng. 

Chem. Fundam. 5,  539 (1967). 

6 .  Bhinde, M., Ph.D. Thesis, University of  Delaware, 1979. 

7. Houalla, M., Nag, N. K., Sapre, A.  V . ,  Broderick, D. H., and 

Gates, B. C., AIChE J. 24, 1015 (1978). 

8. Broderick, D. H., Ph.D. Thesis, University o f  Delaware, 1979. 

9. Sapre, A. V . ,  Ph.D. Thesis, University of  Delaware, 

in preparation. 

108 



TABLE I 

Fced O i l  I’ropcrt  i r s  __ 

Equa l  Volume Flixture o f  llnw Anthracene Oil and 
Syn t ho i 1 L i q u i d  

Carbon, wt % 

Hydrogen,  wt % 

S u l f u r ,  wt % 

Nitrogen, wt % 

Ash, wt % 

109 

8 4 . 9 2  

6 . 5 7  

0 . 5 4  

1 . 2 1  

1.05 



TABLE I 1  

Operating Conditions in the Trickle-Flow Reactor 

Temperature - 371'C 

Pressure - , 1500 psig 

Liquid Volume 
H o u r l y  Space Time - 1 . 2 5  h r s  

H 2 / 0 i l  Ratio - 7500 scf/bbl 

Run Duration - 674 h o u r s  
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TABLE 111 

O p e r a t i n g  C o n d i t i o n s  i n  Hatch  A u t o c l a v e  R e a c t o r  

T e m p e r a t u r e  - 

P r e s s u r e  - 

35OoC 

36 atm 

C a t a l y s t  C o n c e n t r a t i o n  - 0 . 5  w t  % 

CSz C o n c e n t r a t i o n  - O . O S , w t  % 

C a r r i e r  O i l  - Hexadecane  

Q u i n o l i n e  C o n c e n t r a t i o n  - 2 w t  % 

D i b e n z o t h i o p h e n e  
C o n c e n t r a t i o n  - 1 \it i 
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TAB1.E IV 

C a t a l y s t s  Used i n  B a t c h  Iixpcr i iocntn l  Runs 

Ilun No. C a t a l y s t  Used 

Frcsh 

S p e n t  

R e  g e n e r a t e d  

Frcsh 

S p r n t  

Re gene  r a t  cd 

B lank  r u n  

Blank  r u n  

I ) u r a t i o n ,  i i i inutcs ___.- C;i t :I 1 y s t S i zc 

140 iiics11 

1 4 0  rncsli 

140 mcsli 

8 /10  lrlcsll 

8 /10  Illcsll 

8 / 1 0  I I l C S l l  

w i t h o u t  b o a t  

w i t h  b o a t  

0 0 0 

1280 

1260 

1200 

1800 

1250 

600  

2500 
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TABLE V 

T o t a l  N i t r o g e n  and  S u l f u r  Removal 

P s e u d o  F i r s t  O r d e r  R a t e  C o n s t a n t s ,  g o t  Of c 3 t .  O i l  m i n u t e s  

F r e s h  

C P 

S p e n t  Regene ra t ed  

c 1’ C P 

N i t r o g e n  0 . 1 9 5  0.214 0 0 0 . 1 1 6  O . l G 5  

S u l f u r  0 . 3 3 3  0 . 4 9 1  0 . 3 3 3  0 . 2 2 2  0 . 1 6 8  0 .  l b 5  
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TABLE V I  

I n d i v i d u a l  R e a c t i o n  R a t e  C o n s t a n t s  
~ 

g o f  o i l  
c a t .  m i n u t e s  f o r  t h e  Q u i n o l i n e  Network ,  

F r e s h  S p e n t  

C 

81 .19  

12 .92  

k l  

k 2  
k3 1 . 1 2 0  

k 4  0 .167  

k5 0 . 7 2 7  

k6 0 .101  

k7 - - _  

k g  1 . 7 5 2  

P C 

9 .045  0 .908  

1 . 8 3 5  0 .135  

0 .676  - - -  

0.114 0 .0042  

0 .422  - - _  

0 .218  0 . 0 0 4 2  

P 

0 

0 

0 .042  

0 

0 

0 

0 

0 

R e g e n e r a t e d  

C P 

4 6 . 0 7  3 .566  

1 0 . 9 6  0 .620  

0 .627  0 .216  

0 . 1 5 3  0 .121  

0 . 1 8 2  0 . 0 2 5  

0 .064  0 . 1 0 7  

1 .372  0 .170  
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‘I‘ABLli V I 1  

T h e o r e t i c a l  C a l c u l a t i o n  o f  R a t e  Pa ra ine t e r l ;  Tor I rcsh I ’c l ie t s  - 

k l  8 1 . 1 9  1 3 . 5 1  0 .074  9 . 2 7  9 . 0 4 5  

k2 1 2 . 9 2  5 . 3 9  0 . 1 8 5  2 . 3 9  1 . 8 3  

k 3  1 . 1 2  1 . 5 9  0 . 5 8  0 .65  0 . 6 8  

k4 0 . 1 6 7  0 . 6 1  0 . 8 9  0 . 1 5  0 . 1 1  

0 . 7 2 7  1 . 2 8  0 . 6 7  0.49 0 .422  

k 6  0 . 1 0 1  0 . 4 8  0 . 9 3  0 . 0 9 3  0 . 2 1 8  

k g  1.752 1 . 9 8  0 . 4 9  0 . 8 5  1 . 6 6  

k 5  
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TABLE V I 1 1  

Theoretical Calculation o f  Rate Parameters 

for Regenerated Pellets 

Crushcd  R a t c  
'ICil 1 c1 " C O t l l l d  -- T I  (g  oil/g cat-min) ' l ' h ic l  c 

4.53 3.57 

k 2  11.0 4.97 0.20 2.21 0.62 

kl 46.1 10.18 0.098 

k3 0.63 1.19 0.70 0.44 0.22 

k4 0.15 0.587 0.90 0.134 0.121 

k5 0.18 0.637 0.88 0.16 0.025 

0.95 0.058 0.107 kg 0.064 0.40 

0.53 0.74 0.170 k g  1.372 1.76 

116 



TABLE I X  

R a t e  C o n s t a n t s  i n  t h e  Q u i n o l i n e  Network 

R e l a t i v e  t o  F r e s h  C a t a l y s t ,  % 

k 4  k g  k6 k 7  k g  

S p e n t  p e l l e t s  0 0 6 0 0 n - -  0 

S p e n t  p a r t i c l e s  1 1 0 3 0 4 - -  0 

R e g e n e r a t e d  P c l l e t s  39 33 32 1 0 0  h 4 9  - -  10 

_______ kl k 2  k 3  

R e g e n e r a t e d  p a r t i c l e s  5 7  8 5  56 9 2  2 5  6 3  - -  78  
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1 

I n d i v i d u a l  Kate Constants Cor 
g o f  011 

Dibenzothiophcne I i y d r o d c s u l f u r l  z a t  1011, .- g 0 1  ca t .minurcs  

i : rcsh  spent Rcgciicrntctl c----T c v C I' 

0 . 3 3 3  0 . 4 9 1  0 . 0 3 3  0 . 0 2 2  0 . 1 6 %  0 . 1 6 3  

0 . O O i  

k l  

kZ 
_ _ _  _ _ -  _ _ _  (1 . (1 (1 8 _ _ _  

CHB 
k2 > BP 

k l  
DRT 
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F i g u r e  

1 L i g h t  m i c r o s c o p y  o f  t o p  S ; I I I I ~ I C  A .  1 0 0 ~ ;  I ) .  20Ox. 

2 SEM t o p  s a m p l e  A .  b a c k s c a t t e r  e l e c t r o n ;  B .  aluminum E D A X .  

3 SEM-EDAX o f  t o p  sample  A .  s i l i c o n ;  B .  c a l c i u m .  

4 SEM-EDAX of  t o p  samplc A .  s u l f u r ;  B .  i r o n .  

5 SEM-EDAX o f  t o p  sample ,\. t.i t a n i u m ;  B .  mo1yl)dcnum. 

6 Microprobe  a r e a  s c a n s  A .  h a c k s c a t t e r  e l e c t r o n ;  
B . t i t a 11 i um . 

7 L i g h t  m i c r o s c o p y  o f  m i d d l e  sample A .  1 0 0 ~ ;  R .  20Ox. 

8 SEM of  m i d d l e  sample  A .  4 0 0 x ;  B .  8 0 0 ~ .  

9 SEM-EDAX of  m i d d l e  sample  A .  s i l i c o n ;  B .  c a l c i u m .  

10 SEM-EDAX o f  m i d d l e  sample  A.  s u l f u r ;  H .  i r o n .  

11 SEM-EDAX o f  m i d d l e  sample  A .  t i t a n i u m ;  B .  molybdenum. 

1 2  L i g h t  m i c r o s c o p y  o f  hot to in  sample  A .  100x;  S .  200x .  

13 SEM o f  b o t t o m  sample  A .  2 0 0 x ;  B .  400x .  

1 4  SEN o f  i n t e r i o r  s p o t  A .  b a c k s c a t t c r  e l e c t r o n ;  
B .  g r o u n d  c u r r e n t .  

15 SEM-EDAX of  b o t t o m  sample  A .  s i l i c o n ;  B .  c a l c i u m .  

16 SEM-EDAX o f  b o t t o m  sample  A .  s u l f u r ;  B .  i r o n .  

1 7  SEM-EDAX o f  b o t t o m  sample  A .  t i t a n i u m ;  B .  molybdenum. 

18 E l e c t r o n  m i c r o p r o b e  resu l t s  f o r  t h e  t h r e e  samples 
A .  t o p ;  B .  m i d d l e ;  C .  b o t t o m .  

1 9  SLM oL plasma c t c h c d  s u r f a c c  WI' t o p  samplc A .  zoox; 
B .  2 0 0 0 ~ .  

20 SEM of  plasma. e t c h e d  s u r f a c e s  A .  2OOx m i d d l e  s a m p l e ;  

? I  Compar ison  o f  t o t a l  n i t r o g e n  removal f o r  f r e s h ,  s p e n t  

B .  lOOx b o t t o m  s a m p l e .  

and  r e g e n e r a t e d  c a t a l y s t s .  
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Comparison o f  total s u l f u r  rciiiuval for frcsli, spe11t 
and rcgcncratrd catalysts. 

Network for quinoline hydrodcnitrogcnation. 

Comparison of experimental data and prcdicted v a l u e s  
for quinoline and 1,2,3,4-tetrahydroquinoline 
concentrations. 

Coiiiparison o f  cxpcriincntal data and prcdictcd values 
Tor or t hop ropy1 a n  i 1 i nc , 5,O , 7  , 8 - t e t r ah  y d  roc1 II i no 1 i nc 
and decahydroquinoline concentrations. 

Comparison of expcrinicntal data arid prcdictcd valucs 
for total nitrogen rcinoval for fresh catalysts. 

Effect o f  catalyst particlc size on quinoline and 
1,2,3,4-tetrahydroquinolinc conccntration. 

Network for dihenzothiophcne desulfurization. 
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Microprobe Scans - top sample 
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Scanning, Electron Microscopy - middle sample 
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SEM-EDAX Area Scans - middle sample 
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Light Microscopy - bottom sample 
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Scanning Electron Microscopy - bottom sample 
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Sca nn ing Electron M ic roscopy 
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SEM - EDAX Area Scans - bottom sample 
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CATALYST DEACTIVATION IN HYDROTREATINC COAL-DERIVVD LIQUIDS by R. Sivasubramanian, 
J . H .  Olson and J .R.  Katzer. Center for Catalytic Science and Technology, Depart- 

ment of Chemical Engineering, University of Delaware, Newark, Delaware 

by scanning ezeftron microscopy, electron microprobe, and catalytic activity. 
catalyst from three different sections of the trickle-bed reactor used fo r  the hydro- 
Processing were plasma etched to remove the carbon coating and were then examined. 
inner Crust and an outer crust were observed on the exterior of the catalyst particles: 
the inner crust was not present on catalyst near the reactor exit. The inner crust was 
composed principally of titania; 
silica, and traces of other metals. 
the catalyst. The activities of fresh, aged, and regenerated (coke burnt off) catalysts 
were compared for hydrodesulfurization (HDS) and hydrodenitrogenation (HUN) using a 
mixture of dibenzothiophene and quinoline in n-hexadecane in a batch autoclave reactor. 
The aged catalyst was inactive f o r  HDN and had very low activity for HDS. Burning the 
carbon off the catalyst resulted in approximately 60% recovery of the HDN activity and 
50% recovery of the HDS activity compared to that of the fresh catalyst. Pseudo first- 
order rate constants were deterkined for each of the reactions in the quinoline and 
dibenzothiophene reaction networks. 

19711. 

Ni-MolAl 0 catalysts aged in hydrotreating coal-derived liquids were characterized 
Aged 

An 

whereas the outer crust contained ferrous sulfide, 
Titania was also deposited within the interior of 

149 



Refining of Coal and Shale Derived Syncrudes 
R. H. F i scher  and R. E. H i l d e k a a  

The Department of Energy is  funding a program i n  r e f i n i n g  of syncrudes wi th  the  ob jec t ive  
of a s ses s ing  the  a b i l i t y  of e x i s t i n g  technology t o  process syncrude, developing new more 
e f f i c i e n t  technology designed e spec ia l ly  for syncrude and determining the  r e l a t ionsh ip  
between r e f in ing  seve r i ty  and product end use  performance and tox ic i ty .  
Force sponsors a program t h a t  i s  developing new methods of r e f in ing  shale o i l .  
achievements of these  programs i n  1979 w i l l  be reviewed and the  Department's p lans  f o r  
1980 and 1981 w i l l  be discussed. 

Also the  A i r  
The 
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APPLICATION OF LC-FINING TECHNOLOGY FOR UPGRADING SRC I N  TWO-STACE LIQUEFACTION 
CONCEPT. 
CO.,  Box 300, Tulsa,  OK 
New Brunswick, N J  
BOX 538, Allentovn, PA 18105 

J. D. Pot t s ,  K. E .  Hastings, and R. S .  Chill ingworth,  C i t i e s  Service 
74102; H. Ungcr, C-E Lummus Co., 755 Jersey Ave., 

08902; E. M. P h i l l i p s ,  A i r  Products and Chemicals, Inc. ,  

The concept o f  Two-Stage Liquefaction (TSL) hinges on recogni t ion o f  t h e  f a c t  
t h a t  t he  deashed s o l i d  Solvent Refined Coal (SRC), obtained from a f i r s t  s tage coa l  
d i s so lu t ion ,  i s  a high bo i l ing  r e s idua l  type hydrocarbon stream. This ma te r i a l  can 
be eff ic ient ly  upgraded t o  l i q u i d  fuels by a second s t age  app l i ca t ion  of conventional 
hydrocracking or hydroprocessing technology extensively developed and demonstrated 
i n  t h e  petroleum industry over t he  l a s t  twenty years  (LC-Fining). 
judicious hydrocracking o f  t h e  SRC product from the  f i r s t  s t age ,  i n  t h e  presence of 
a se l ec t ive  ca t a lys t  and under optimum condi t ions o f  temperature,  space ve loc i ty ,  and 
r eac to r  pressure,  the production o f  middle d i s t i l l a t e  l i q u i d  fue l s  can be enhanced, 
t h e  formation of l i g h t  hydrocarbon gases can be minimized, and t h e  ove ra l l  u t i l i z a t i o n  
o f  hydrogen is optimized. 
Fining provides wide operat ing l a t i t u d e  t o  t a i l o r  t he  o v e r a l l  product s l a t e  d i s t r ibu -  
t i o n  ( i . e . ,  r a t i o  of l i q u i d s  t o  s o l i d s )  and t h e  product q u a l i t y  t o  both current  and 
fu tu re  market product requirements.  

m a t  i s ,  by 

In addi t ion,  t h e  operat ion o f  a s epa ra t e  s t age  o f  LC- 

This study will a l s o  present  the r e s u l t s  o f  add i t iona l  PDU runs iihich w i l l  
del ineate  the  e f f ec t s  of t o t a l  r eac to r  pressure and space ve loc i ty  on t h e  hydrotreat ing 
of coal  ex t r ac t s .  
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CATALYST ASSESSMENT FOR UPGRADING SHORT CONTACT TIME 
SRC TO LOW SULFUR BOILER FUELS 

S. S. Shih, P. J. Angevine, R. H. Heck and S. Sawruk 

Mobil Research and Development Corporation 
Paulsboro, New Jersey 0 8 0 6 6  

Introduction 

Solvent refined coal (SRC) can be upgraded via catalytic hydroproces- 
sing into low sulfur fuels (1,2). Reduced process cost can be 
effected by several factors, including the following: higher 
catalyst activity, improved utilization of hydrogen, and optimized 
SRC concentration in the feedstock. To this end, a series of 
commercial and proprietary catalysts was evaluated for the hydropro- 
cessing of 50 wt % W. Kentucky short contact time SRC (SCT SRC). 
The commercial catalysts tested were alumina-based and were known to 
have good hydrotreating activity for heavy petroleum or coal-derived 
liquids. The rates of hydrogenation and pore size distribution will 
be discussed. A developmental catalyst with relatively high desul- 
furization and efficient hydrogen utilization was tested in a 
constant temperature aging run to establish process conditions 
needed to produce 0.4 wt % sulfur boiler fuels. 

Experimental 

The experiments were conducted in a continuous down-flow fixed bed 
pilot unit. The feedstock, 50 wt % W. Kentucky/SRC recycle solvent 
blend, was prepared in a charge reservior and transferred to a 
weigh cell by gravity flow. Both the charge reservior and weigh 
cell were kept at 350°F. After the reactor, hydrogen and light 
gases were separated from hydrotreated oil through high (300'F) and 
low (75°F) temperature separators in series. To maintain fluidity 
of the high SCT SRC concentration blend, all lines and valves from 
the charge reservior to the high temperature separator were heat- 
traced to 340-420°F. The detailed description of the pilot unit is 
available elsewhere ( 1 ) .  The selection of SCT SRC as the feed was 
based on a recent finding that the hydrogen utilization efficiency 
for production of hydrogen-rich coal liquids can be improved by 
coupling mild short resident time hydroliquefaction (to produce SCT 
SRC) with catalytic hydroprocessing (3). 

The catalysts were presulfided with a 10% H2S/H2 mixture and 
tested at a reactor pressure of 2000 psig and a hydrogen circulation 
of 5000 scf/B. Each catalyst was subjected to a standard sequence of 
temperatures and liquid hourly space velocities, ranging from 720-  
800°F and 0.5-2.0 hour-l, respectively. 

Results and Discussions 

Fresh Catalyst Properties - Three Mobil catalysts were tested and 
have been identified as HCL-1, - 2 ,  and - 3 .  Because of the proprie- 
tary nature of these catalysts, properties have been excluded. 
The major properties of the four commercial and two developmental 
catalysts are shown in Table 1 .  The four commercial catalysts 
evaluated were NiMo/A1203: Harshaw's 6 1 8 X  and HT-500, and 
American Cyanamid's HDN-1197 and HDS-1443. The NiMo catalysts were 
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tested in a greater number than the CoMo catalysts because it had 
been thought that improved hydrogenation activity was needed to treat 
the highly refractory SRC. Also, nickel-promoted hydroprocessing 
catalysts form less coke than cobalt-promoted catalysts, possibly 
resulting in better stability. The 618X, HT-500, and HDS-1443 
catalysts all have similar metals loading; their major difference is 
found in surface area, going from relatively low to medium to high, 
respectively. The shift in surface area can also be seen in the 
different pore size distributions. Harshaw 618X has a yell-defined 
distribution with 77% of its pore volume in the 100-200A diameter 
region. HT-500 has a broader distribution and smaller median size, 
having half of its pore volume in the 80-1008 region. HDS-1443 has 
a bimodal distribution: it has most of its pores in 30-80AI but it 
also has some 2008+ pores. 
than fhe other NiMo catalysts and also has most of its pores in the 
30-80A region. 

Two developmental catalysts were evaluated in this study. These 
include Amo at 1A and 18, recently developed by Amoco for testing in 
the H-Coal & Process (4). 
support and had primarily 100-2OOd pores with some macropores 
(>1000d). 
CoMo/A1203. 

HDN-1197 has a higher metals loading 

Both catalysts were made of the same 

Amocat 19 is an unpromoted Mo/Al2O3 while 1A is 

Fresh Activity Comparisons - The nine catalysts have been divided 
into two groups in order to simplify the activity comparisons. Group 
A is made up of the more active desulfurization catalysts and includes 
Mobil HCL-2, Mobil HCL-3, American Cyanamid HDS-1443, and Amocat 1A. 
Group B includes Mobil HCL-1, Harshaw 618X, American Cyanamid 
HDN-1197, and Amocat 1B. For the activity comparisons, the heteroatom 
removals (and CCR reduction) are plotted versus reactor temperature 
at a liquid hourly space velocity of 1.0. Consequently, catalyst 
activity can be compared on the basis of temperature requirements for 
achieving specific liquid product heteroatom (or CCR) contents. 

The comparisons of desulfurization activities are shown in Figure 1 
and Figure 2 for Group A and Group B catalysts, respectively. At the 
80% desulfurization level, Mobil HCL-2 is 10-15°F more active than 
HDS-1443, followed by HCL-3, Harshaw 618X, and Amocat 1A (Figure 1). 
Surface area and pore size distribution seem to be important para- 
meters for the fresh catalyst activity. The relatively high fresh 
activity of HDS-1443 may be partially explained by its high surface 
area and presence of macropores (Table 1). The presence of macropores 
may be responsible for the improvement of the relative positions 
of HDS-1441 and Amocat 1A at more severe conditions (0.5 LHSV). 

The importance of pore size distribution also explains the low 
activity of HT-500, which has 75% of its pore volume in the 1008 
region. Cyanamid HDN-1197 seems to have a high desulfurization 
activity (Figure 2). However, it yields an inhomogeneous product, 
probably due to its high hydrogenation activity coupled with 
its small pore size. Inhomogeneous products have also been observed 
in the upgrading of regular SRC by small pore catalysts (1). The 
SCT SRC, with its high polar asphaltenes content, is particularly 
susceptible to "front end, back end" incompatibility. 
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The ranking of deoxygenation activity was very similar to that of 
the desulfurization activity (Figure 3). The results may suggest 
that, like desulfurization, the deoxygenation reaction could occur 
without pre-hydrogenation. The comparison of denitrogenation 
activities is shown in Figure 4. Mobil HCL-3 was the most active 
catalyst followed by Mobil HCL-2 and Harshaw 618X. 

The CCR reduction activity for the nine catalysts is similarly 
plotted as a function of temperature in Figure 5 and Figure 6. 
Mobil HCL-2, HCL-3, and Amocat 1B are the most active catalysts. 
Generally, heteroatom removal can be achieved with only minor 
changes in chemical structure. However CCR reduction in SCT SRC 
occurs with significant alteration of GEC classes, primarily toward 
the formation of less polar compounds. The classes of W. Kentucky 
SCT SRC, separated by GEC (gradient elution chromatography), are 
given in Table 2 and show that 7 5 %  of the SRC is polar and non- 
eluted polar asphaltenes. 

Table 2: GEC Analyses of W. Kentucky SCT SRC 

Saturates 
Aromatic Oils 
Resins/Asphaltenes 
Polar Asphaltenes 
Non-Eluted Asphaltenes 

0.3 wt % 
0.4 wt % 
24.8 wt % 
45.1 wt % 
29.4 wt % 
100.0 

The conversion of polar asphaltenes (lumped with non-eluted asphal- 
tenes) as a function of process severity, expressed by hydrogen 
content in the liquid product, is shown in Figure 7. Amocat 1B and 
HDS-1443 show a significantly high conversion of polar asphaltenes at 
a given process severity. It is worth noting that Amocat lB and 
HDS-1442, the Co-Mo version of HDS-1443, have been found to be active 
catalysts for coal hydroliquefaction (4). 

Hydrogen consumption is a major economic factor in any coal liquid 
hydroprocessing operation. In Figure 8, the total hydrogen consump- 
tion is plotted vs. total liquid product (TLP) sulfur content. 
Three selectivity curves have been drawn from Figure 8: the solid 
curve represents Harshaw 618X, and the dashed curves are for Amocat 
1A and 1B. To a rough approximation HCL-2, HDS-1443, and Amocat 1A are 
"low" hydrogen consumption catalysts: Harshaw 618X and Mobil HCL-3 
are relatively "high" hydrogm consumption catalysts. At the same 
level of desulfurization Harshaw 618X uses approximately 500 scf/B 
more than Amocat 1A. However, Amocat lB, a low desulfurization 
activity catalyst, shows a very high hydrogen consumption. 

Analyses of Used Catalysts - The analyses of five used catalysts 
tested with 50% W. Kentucky SCT SRC are given in Table 3. The coke 
and iron depositions appear to be strongly dependent upon catalysts: 
Harshaw 618X and HDS-1443 are high, but Amocat 1A and 1B are low in 
coke deposition. Since surface area measurements can include 
contribution by contaminants (particularly coke), these values have 
no clearcut meaning. Besides the coke deposition, metal deposition 
on the catalysts contributes to the catalyst deactivation. 
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T a b l e  3: Used C a t a l y s t  P r o p e r t i e s  a s  Rece ived  

Harshaw Harshaw Cyanamid Amocat Amocat 
61 8 X  HT-500 HDS-1443 1B 1A 

S u r f a c e  Area, M2/g 132 147 201 137 125 
P o r e  V o l u m e ,  cc!g 0.349 0.253 0.568 0.510 0.487 
P o r e  D i d m e  t e r  , A 106 69 113  149 156 
I r o n ,  W t  P c t  0.61 0.30 0 . 3 5  0 .77  0.61 
Coke, W t  P c t  20.6 23.0 18.0 12.8 13.0 

The d e p o s i t i o n  of  metal c o n t a m i n a n t s  on a used  Harshaw 618X c a t a l y s t  
was a n a l y z e d  w i t h  a s c a n n i n g  e l e c t r o n  m i c r o s c o p e  (SEM). The SEM 
x-ray  e m i s s i o n  s p e c t r a  f o r  f r e s h  and used  c a t a l y s t s  a t  d i f f e r e n t  
l o c a t i o n s  i n  t h e  c a t a l y s t  p a r t i c l e  are  shown i n  F i g u r e  9.  The used 
c a t a l y s t ,  t e s t e d  a f t e r  o u r  s t a n d a r d  p r o c e d u r e ,  showed a l a r g e  
b u i l d u p  of i r o n  and t i t a n i u m  i n  a nar row band ( ( 2  m i c r o n s )  o f  t h e  
c a t a l y s t  e x t e r i o r .  O t h e r  c o n t a m i n a n t s  ( e . g . ,  K ,  C a ,  S i )  were 
d e t e c t e d  a t  lower c o n c e n t r a t i o n s .  A s  shown i n  F i g u r e  9 ( b ) ,  s t r o n g  
i n t e n s i t i e s  of  d e p o s i t e d  m e t a l s  were c l e a r l y  shown i n  t h e  x - r a y  
e m i s s i o n  s p e c t r u m  t a k e n  n e a r  t h e  e x t r u d a t e  e x t e r n a l  s u r f a c e .  The 
i n t e n s i t i e s  were s u b s t a n t i a l l y  r e d u c e d  i n  a n a l y s e s  made away from 
t h e  e x t e r i o r  e d g e ,  a s  shown i n  F i g u r e s  9 ( c )  a n d  9 ( d ) .  These  r e s u l t s  
i n d i c a t e  t h a t  t h e  h y d r o p r o c e s s i n g  o f  coal l i q u i d s  is w e l l  s u i t e d  t o  
e b u l l a t e d  hed r e a c t o r s ;  t h e  mot ion  of t h e  f l u i d i z e d  c a t a l y s t s  may 
p r o v i d e  a c o n t i n u o u s ,  p a r t i a l  r e g e n e r a t i o n  by m i l d l y  a b r a d i n g  t h e  
m e t a l s - r i c h  p e l l e t  e x t e r i o r .  

Aging Run - Based o n  t h e  f r e s h  a c t i v i t y  e v a l u a t i o n ,  Amocat 1A was 
t e s t e d  i n  a n  a g i n g  r u n  f o r  t h e  h y d r o p r o c e s s i n g  o f  50% W. Kentucky 
SCT SRC. The r u n  was made a t  c o n s t a n t  c o n d i t i o n s  ( 2 0 0 0  p s i g ,  775"F, 
0 . 5  LHSV) and w a s  smooth ly  o p e r a t e d  f o r  15 d a y s .  The r u n  w a s  t h e n  
t e r m i n a t e d  due  t o  i n c i p i e n t  p l u g g i n g  i n  t h e  reactor .  The r e s u l t s  
a r e  shown i n  F i g u r e  1 0 ,  where s u l f u r  c o n t e n t  i n  t h e  l i q u i d  p r o d u c t s  
h a s  been p l o t t e d  v s .  days-on-s t ream.  During t h i s  f i r s t  f o u r  d a y s  
t h e  t e m p e r a t u r e  was v a r i e d  t o  o b t a i n  an a c t i v a t i o n  e n e r g y  e s t i m a t i o n ,  
and t h e s e  d a t a  have  been  o m i t t e d .  

A s i m p l e  d e a c t i v a t i o n  e q u a t i o n  was used  f o r  a f i x e d  bed r e a c t o r :  
koe-E/RTe-t/' 

1 -  - 1 - 
cA cAo LHSV 

where  C A ~  and CA are t h e  i n i t i a l  and f i n a l  c o n c e n t r a t i o n s  o f  
r e a c t a n t  ( i . e . ,  h e t e r o a t o m  or C C R ) .  Here, ko is t h e  f r e s h  p r e -  
e x p o n e n t i a l  f a c t o r ,  LHSV is l i q u i d  h o u r l y  s p a c e  v e l o c i t y ,  E is 
a c t i v a t i o n  e n e r g y ,  T is r e a c t i o n  t e m p e r a t u r e ,  t is time o n - s t r e a m  and 
T is c a t a l y s t  d e a c t i v a t i o n  t i m e  c o n s t a n t .  The e s t i m a t e d  v a l u e s  f o r  T ,  
k,, and  E a r e  as f o l l o w s :  

-0- k E T - 
1 Btu  - Days 

S u l f u r  1.992 x 1013 69 ,900  18.3 
N i  t r o g e n  3.368 x 105 34,600 36.1 
Oxygen 6.895 x 109 57 ,800  8.9 
CCR 2.553 x 107 50 ,400  21.9 

tK-mF l b  mole 

155 

L 



The temperature rise necessary to maintain a constant product sulfur 
concentration is about 2-3"F/day. The measured and model-predicted 
values for sulfur and CCR are shown in Figure 10. 

The simulated o erating conditions for the fixed bed reactor to 
produce a 900'FY fuel with a sulfur content of 0.4 wt % are shown 
in Figure 11, using a charge of 50% W. Kentucky SCT SRC. Figure 1 1  
shows the reactor temperature required to achieve these sulfur 
levels as a function of days-on-stream and LHSV. The temperature 

and the limit of reactor temperature, can be determined from Figure 
11. For example, at 0.3 LHSV and a maximum reactor temperature of 
850"F, the cycle length is 60 days. 

Conclusions 

Short contact time SRC can be upgraded via catalytic hydroprocessing 
into low sulfur boiler fuels. However, the solid SCT SRC feedstock 
requires solvent dilution to reduce its viscosity. Furthermore, 
even for a 50 wt % W. Kentucky SCT SRC blend, all pilot unit lines 
and valves have to be heat-traced above 350°F in order to achieve 
smooth mechanical operations. 

Catalytically, the SCT SRC is more susceptible to form an inhomoge- 
neous product than the regular SRC, particularly where small pore 
catalysts are used. The upgrading costs can be significantly reduced 
through increased activity as well as efficient hydrogen utilization. 
A proprietary catalyst, Mobil HCL-2, and a developmental catalyst, 
Amocat lA, were observed to have these two important properties. For 
hydroprocessing of the 50 wt % W. Kentucky SCT SRC blend, the 
aging rate was moderate with a 2-3"F/day of temperature rise required 
to keep co.istant desulfurization activity. The catalysts are be- 
lieved to be deactivated by coke and metal depositions on the surface. 
A large buildup of iron and titanium was found in a narrow band of 
the catalyst exterior of a spent chtalyst. Improved catalyst aginq 
is likely to occur by the use of an ebullated bed reactor, primarily 
by decreased interparticle coke formation as well as by mild abrasion 
of metal contar,.inants. 
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FIGURE 9: SEM Examina t ion  of F r e s h  and  Used Harshaw 618X 

(a)X-ray e m i s s i o n  s p e c t r u m  t a k e n  o f  e x t e r n a l  s u r f a c e  of f r e s h  c a t a l y s t  
showing p r e s e n c e  of A l ,  Mo a n d  N i .  

showing p r e s e n c e  o f  M q ,  A l ,  M o ,  K, C a ,  T i ,  V and Fe. 
(b)X-ray e m i s s i o n  s p e c t r u m  t a k e n  of e x t e r n a l  s u r f a c e  o f  u s e d  c a t a l y s t  

( c ) X - r a y  e m i s s i o n  s p e c t r u m  t a k e n  a t  
s e c t i o n  of u s e d  c a t a l y s t  showing  

( d )  X-ray e m i s s i o n  s p e c t r u m  t a k e n  a t  
s e c t i o n  o f  u s e d  c a t a l y s t  showing  
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HYDROTREATING OF SRC I PRODUCT - OPTIMIZATION 

OF PROCESS VARIABLE SPACE 

D .  Garg, A .  R .  Tar rer ,  
J. A. Guin, and J. M. Lee 

Chemical Engineering Department 
Auburn Universi ty  

Auburn, Alabama 36830 

INTRODUCTION 

I n  the Solvent Refined Coal Process ,  coa l  i s  dissolved i n  a coal-derived solvent 
t o  produce a f i l t e r a b l e  l i q u i d .  This is accomplished by means of a mild l iqu id  
phase hydrogenation of t h e  coal .  The l i q u i d  is separated from t h e  inso luble  minerals 
and unreacted organic  mat ter  by f i l t e r a t i o n .  The solvent  is recovered f o r  recycle  
by vacuum d i s t i l l a t i o n ,  and the  SRC is obtained a s  a black shiny s o l i d  a t  room temper- 
t u r e .  Some of t h e  s u l f u r  present  i n  t h e  coa l  i s  removed i n  t h e  form of hydrogen 
s u l f i d e  gas. 

The present s u l f u r  s tandards (0.97 percent  s u l f u r  i n  SRC) a r e  being met by 
conventional SRC processing. New Source Performance Standards (NSPS) recent ly  
proposed by the  Environmental Pro tec t ion  Agency (EPA) would r e q u i r e  a s u l f u r  con- 
t e n t  of 0.5 t o  0.6 percent in SRC f o r  most coals .  The proposed NSPS could be met 
using t h e  conventional SRC process  with t h e  appl ica t ion  of severe operat ing con- 
d i t i o n s  (e .g . ,  a reac t ion  temperature of 4500C,a H2 pressure  of 2,000 ps ig  o r  
13.9 MPa and a long r e a c t i o n  time of 30 t o  60 minutes. 
unreasonably high hydrogen consumption and operat ing cos t .  Therefore ,  a modifi- 
ca t ion  of the conventional SRC process  i s  necessary t o  meet t h e  proposed NSPS with 
minimum hydrogen requirements. 

This would r e s u l t  i n  an 

For the  coa l  s tudied here ,  a bituminous Western Kentucky t9/14 c o a l ,  d i sso lu t ion  
of the  oca1 has  been shown t o  occur very rap id ly , requi r ing  less than 30 minutes t o  
l iquefy  most of t h e  coa l  (2.90 percent ) .  However, a r e l a t i v e l y  long reac t ion  t i m e  
(120 min.) i s  required t o  reduce i t s  s u l f u r  l e v e l  low enough t o  meet even t h e  current  
s tandards (1) .  
suggested by Auburn Universi ty  (2) f o r  solvent  r e f i n i n g  t h i s  coa l .  This  process has 
been shown t o  have t h e  p o t e n t i a l  of producing a low-sulfur s o l i d  SRC product t h a t  
meets t h e  proposed NSPS. It involves  t h e  d i s s o l u t i o n  of t h e  coa l  ( f i r s t  s tage)  i n  
the  presence of an inexpensive mineral  a d d i t i v e ,  and then subsequent hydrotreat ing 
of t h e  f i l t e r e d  l i q u i d  from t h e  f i r s t  s t a g e  i n  t h e  presence of a presulf ided 
Co-Mo-A1 c a t a l y s t .  

A new shor t  res idence  time two-stage SRC type process  has been 

The objec t ive  of t h e  present  work i s  t o  evaluate  the  e f f e c t  of a wide range 
of process  or reac t ion  var iables--react ion temperatuie, hydrogen p a r t i a l  pressure,  
c a t a l y s t  loading,  and r e a c t i o n  time--on hydrodesulfur izat ion and hydrogenation of 
f i l t e r e d  l iqu id  product (coal-derived l i q u i d )  obtained from the  coa l  d i sso lu t ion  
s t a g e  i n  t h e  presence of a commercial p resu l f ided  Co-Mo-A1 c a t a l y s t .  
f o r  desu l fur iza t ion  over hydrogenation (Se) is used t o  r a t e  t h e  e f fec t iveness  of the 
above mentioned process var iab les .  
Fer u n i t  (g! of hydrogen consumed, t h a t  i s ,  

The s e l e c t i v i t y  

Se i s  defined a s  the  f r a c t i o n  of s u l f u r  removal 
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Sf - s o  

Se = so 
H2 Used, g 

where Se: S e l e c t i v i t y ,  
S o :  Original  s u l f u r  content of t h e  coa l  l i q u i d s ,  and 
S f :  Sulfur  content  of t h e  hydrotreated coa l  l i q u i d s .  

The purpose of t h i s  study is to  i d e n t i f y  a set of opera t ing  condi t ions f o r  
hydrotreat ing reac t ions  a t  which maximum s e l e c t i v i t y  is a t t a i n e d  f o r  a spec i f ied  
s u l f u r  content of the  s o l i d  SRC product. 

There a r e  many d i f f e r e n t  types of search rout ines  used t o  l o c a t e  optimum 
operat ing conditions. One approach i s  t o  make a l a r g e  number of runs a t  d i f f e r e n t  
combinations of temperature, reac t ion  time, hydrogen p a r t i a l  p ressure ,  and c a t a l y s t  
amount, and then run a mul t ivar iab le  computer search r o u t i n e  ( l i k e  t h e  Hooke-Jeeves 
method o r  Powell method). A second approach is  t o  formulate  a mathematical model 
from t h e  experimental r e s u l t s  and then use an a n a l y t i c a l  search method t o  l o c a t e  the  
optimum. The formulation of a mathematical model i s  not an easy task ,  and i n  many 
cases ,  t h i s  is t h e  most c r i t i c a l  s tep .  Sometimes i t  is impossible t o  formulated a 
mathematical model f o r  t h e  system, a s  i n  t h e  case of the  system s tudied  here ,  and 
an experimental search must be performed. 

The experimental s t r a t e g y  used here  is t o  perform a s e r i e s  of small experiments 
A u n i v a r i a t e  search was made i n  which ins tead  of a s i n g l e  comprehensive experiment. 

only one var iab le  was changed a t  a time. The information obtained in the  e a r l i e r  
experiments performed during t h e  univar ian t  search  w a s  used t o  p lan  subsequent experi- 
ments. By doing so,  t h e  r e s u l t s  were a v a i l a b l e  quickly,  and t h e  experimental error 
was checked and minimized dur ingthe  course of experimentation. 

In t h e  f i r s t  s t e p  of the  univar ia te  search a series of experiments were performed 
i n  which base values  were used f o r  t h e  i n i t i a l  hydrogen p a r t i a l  p ressure ,  r e a c t i o n  
time and react ion temperature,and only t h e  amount of c a t a l y s t  used w a s  var ied.  The 
amount of c a t a l y s t  which yielded t h e  bes t  performance ( i . e .  maximum se1ect ivi ty)and 
bes t  s a t i s f i e d  p r a c t i c a l  c o n s t r a i n t s  was se lec ted .  In t h e  next s t e p  a s e r i e s  of 
experiments was performed i n  which t h e  se lec ted  amount of c a t a l y s t  was used, base 
values  were used f o r  temperature and time, and only t h e  i n i t i a l  hydrogen p a r t i a l  
pressure was var ied.  
f o r  t h e  amount of c a t a l y s t  i n  t h e  first s tep .  

The dependence of s e l e c t i v i t y  (Se) on t h e  r e a c t i o n  time and temperature was modeled 

An i n i t i a l  hydrogen p a r t i a l  p ressure  w a s  se lec ted  a s  was done 

using empirical expressions f o r  desu l fur iza t ion  and hydrogen consumption k i n e t i c s .  
The same values se lec ted  f o r  i n i t i a l  hydrogen p a r t i a l  p ressure  and amount of c a t a l y s t  
i n  t h e  f i r s t  two s t e p s  of t h e  univar ia te  search were used i n  determining these  k i n e t i c  
expressions. The f i n a l  s t e p  of the search  procedure was t o  perform a s e r i e s  of 
experiments mapping t h e  region c lose  t o  the  above determine optimum condi t ions f o r  
v e r i f i c a t i o n .  

EXPERIMENTAL 

Reagents and Materials 

the  wi l sonvi l le  SRC P i l o t  P lan t ,  operated by Southern Company Services ,  Inc.  The 
Light recyole o i l  (LRO) and Western Kentucky C9/14 coal  were obtained from 
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LRO contains  0.26% sulfur ,and the  Western Kentucky :19/14 coa l  i s  analyzed t o  be 
67% C ,  4.9% H ,  3.10% S ,  and 1 2  % mineral  mat te r .  The coa l  was dr ied overnight  a t  
I n n o r  -..A * c  -.--L-- ".. .."^ .... ," L,.F"-,. ..-n 
I U U  L, -11," A, L L L C 1 I S D  L . 6  " ' A L Y U  Y C A Y L C  V I - .  

The coal  1iqi;id i s  obtained by r e a c t i n g  Ky 1\9/14 coal-LXO s l u r r y  f o r  60 minutes 
a t  41OOC i n  an autoclave reac tor  under 2000 psig (13.9 W a )  hydrogen pressure.  The 
product from the  autoclave is col lec ted  and f i l t e r e d  using Watman 1\51 f i l t e r  paper 
t o  remove t h e  mineral mat ter  and undissolved coa l .  The l i q u i d  product i s  saved 
and used for  f u r t h e r  hydrotreat ing s t u d i e s .  
from t h e  coal d i sso lu t ion  s t e p  i s  given i n  Table I .  

The ana lys i s  of t h e  f i l t e r e d  product 

Co-No-Al i s  a commercial c a t a l y s t  from Laporte I n d u s t r i e s ,  Inc.  (Comox 451). 
The c a t a l y s t  was ground and screened t o  -325 mesh before  use.  
was prepared by c o l l e c t i n g  t h e  s o l i d  r e s i d u e  a f t e r  reac t ion  of creosote  o i l  (S  = 0.64 
percent)  with Co-Mo-A1 i n  t h e  autoclave r e a c t o r .  
su l f ided  Co-Mo-A1 was 2.76%. 

Presulf ided Co-Mo-A1 

The s u l f u r  content  of t h e  pre- 

Hydrogen gas cy l inders  (6OOOpsi grade)  were suppl ied by Linde. 

Equipment 
A commercial 300 m l  magnedrive au toc lave  (Autoclave Engineers) reac tor  was 

used f o r  a l l  reac t ion  s t u d i e s  and has  been Previously descr ibed (3-6). Varian 
gas chromatogra2hs (Model 920 and 1800) were used f o r  a n a l y s i s  of gas samples 
and products from t h e  hydrotreat ing r e a c t i o n s .  
532) was used f o r  ana lys i s  of s u l f u r  i n  t h e  products. 

Procedure 
One hundred grams of coa l  l i q u i d  was combined with a predetermined amount of 

presulf ided Co-MO-Al c a t a l y s t  and charged t o  the  autoclave.  Reaction temperature 
f o r  the  runs varied from 360 t o  435OC, depending on the  run. A s t i r r i n g  s e t t i n g  
of 1000 rpm was used, and t h e  i n i t i a l  t o t a l  pressure was var ied  from 1500 (10.4 MF'a) 
t o  2500 (17.3 W a )  psig.  The heat-up r a t e  was about 12 to20°F/min, thus requi r ing  
a t o t a l  heat-up time of about 20-25 min. Af te r  a spec i f ied  reac t ion  t i m e ,  a gas 
sample was taken; the  autoclave was cooled t o  below 1000C;and the  reac t ion  products 
were co l lec ted .  The f i l t e r e d  l i q u i d  product was vacuum d i s t i l l e d  under <1.0 mm Hg 
pressure t o  recover the  process  solvent  added p r i o r  t o  the  reac t ion .  The 27OOC + 
f r a c t i o n  obtained by vacuum d i s t i l l a t i o n  was def ined a s  t h e  solvent  re f ined  coal  
(SRC). 

A LECO s u l f u r  determinator (Model 

A su l fur  ana lys i s  w a s  performed on each f r a c t i o n .  

The conversion of SRC t o  o i l  and gases  is defined a s  

(Amount Of SRC) o r i g i n a l  l i q u i d  - Of SRC) hydrotreated l i q u i d  SRC Conversion,% = - 
(Amount of SRC) 

I o r i g i n a l  l i q u i d  

and i s  used' a s  a cons t ra in t .  

RESULTS AND DISCUSSION 

Effec t  of Catalyst  Loading 

is tabulated i n  Table 11. It was observed t h a t  increasing the  amount of Co-Mo-A1 from 
1 g t o  15 g increases  t h e  s u l f u r  removal by 52 percent ,  increases  hydrogen consumption 
by 87 percent ,  and increases  SRC conversion from 16 t o  24 percent .  Figure 1 shows the  
v a r i a t i o n  of s e l e c t i v i t y  versus  the  amount of c a t a l y s t  used while keeping t h e  other  
r e a c t i o n  var iab les  constant .  It can be seen t h a t  the  maximum s e l e c t i v i t y  resu l ted  when 

The e f f e c t  of t h e  amount of Co-Mo-A1 c a t a l y s t  present  i n  the  hydrotreat ing react ion 
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10 g Of Co-Mo-Al was used. 
amounts of c a t a l y s t  used was i n s i g n i f i c a n t ,  t h a t  is, wi th in  the  range of experimental 
e r r o r  (standard devia t ion  i s  only 3 percent ) .  The change i n  SRC conversion t o  o i l  and 
gases, a s  shown i n  Table 11, was a l s o  within the  range of experimental e r r o r  (standard 
deviat ion is l e s s  than 8 percent) .  The use of 1 g af Co-Mo-Al gave t h e  lowest amount Of 
SRC conversion ( z  16 percent) .  

However, t h e  v a r i a t i o n  i n  s e l e c t i v i t y  f o r  the  d i f f e r e n t  

From t h e  shape of t h e  s e l e c t i v i t y  versus  amount of Co-Mo-A1 
J ca ta lys t  used curve (Figure l ) ,  i t  appears  t h a t  hydrodesulfur izat ion i s  favored over hydro- 

genation i n  the range i n  which 1 g t o  10 g of c a t a l y s t  were used. However, increasing the 
CO-MO-Al amount beyond 10 g tends t o  favor  hydrogenation and a ,decrease  i n  s e l e c t i v i t y  was 
observed. A search 
i n  the  v i c i n i t y  c lose  t o  where maximum s e l e c t i v i t y  occurs  (10 g of Co-Mo-Al) w a s  not  done 
because t h e  i n s e n s i t i v i t y  of s e l e c t i v i t y  and SRC conversion t o  t h e  amount of c a t a l y s t  used. 

Effect  of Pressure 

su l fur  removal, hydrogen consumption, and SRC conversion. It was observed t h a t  increasing 
the  i n i t i a l  hydrogen p a r t i a l  pressure by 1500 ps ig  (10.4 m a )  decreased t h e  s e l e c t i v i t y  
by 7 2  percent ,  increased hydrogen consumption by a f a c t o r  of 2.6, enhanced s u l f u r  
removal by a fac tor  of 1.9, and d id  not  a f f e c t  SRC conversion appreciably.  For i n i t i a l  
hydrogen pressures  of 1500, 2000, and 2500 ps ig ,  the  v a r i a t i o n  of s e l e c t i v i t y  was 
within the  range of experimental e r r o r .  
t h e  maximum s e l e c t i v i t y .  
proposed NSPS (0.5 t o  0.6 percent  SRC s u l f u r )  were not  m e t  (SRC s u l f u r  content  
a t  1000 psig is  0.66%). 
higher s e l e c t i v i t y  than was obtained with e i t h e r  1500 o r  2500 ps ig ,  and a s u f f i c i e n t  
amount of s u l f u r  was removed. 
for  fur ther  s tud ies .  

Effect  of Reaction Time and Temperature 
The amount of c a t a l y s t  (10 g of Co-Mo-A1 i n  100 g of coa l  l i q u i d s )  and t h e  

i n i t i a l  hydrogen p a r t i a l  p ressure  (2000 psig)  determined above were used t o  study 
the  e f f e c t  of reac t ion  time and temperature. Hydrodesulfur izat ion and hydrogen 
consumption k i n e t i c s  were determined, a s  ou t l ined  i n  t h e  following paragraphs. 

In order  t o  determine t h e  r a t e  equat ion f o r  hydrodesulfur izat ion,  a semi- 

\ 

I Thus 10 g of Co-Mo-Al was used throughout t h e  remainder of the  study. 

Table 111 shows t h e  e f f e c t  of t h e  i n i t i a l  hydrogen p a r t i a l  pressure on s e l e c t i v i t y ,  

Use of a 1000 ps ig  hydrogen pressure gave 
However, a t  1000 ps ig  the  s u l f u r  requirements s e t  by t h e  

The use of a 2000 ps ig  hydrogen p a r t i a l  p ressure  gave a s l i g h t l y  

Therefore ,  a hydrogen pressure  of 2000 p isg  was chosen 

logari thematic  p lo t  of t h e  t o t a l  s u l f u r  content  with time was made (Figure 2 ) .  The 
p lo t  indicated two independent f i r s t - o r d e r  reac t ions  with g r e a t l y  d i f f e r e n t  r a t e  
constants .  This is i n  agreement with t h e  f ind ings  of Gates e t  a l .  ( 7 )  and P i t t s  ( 3 ) .  
A procedure s imi la r  t o  t h a t  of P i t t s  (3) w a s  used t o  descr ibe  t h e  hydrodesulfur izat ion 
k i n e t i c s .  The r a t e  expression is given below 

The emperical parameters S l0 ,  S20, KlO, K 2 0 ,  BE , and AE2 were determined by 
a numerical search rout ine .  
experimental data  and represents  a s a t i s f a c t o r y  curve f i t .  

Figure 3 compares t h e  t f ieore t ica l  curves with t h e  

The amount of hydrogen gas  present  i n  t h e  reac tor  was p lo t ted  aga ins t  reac t ion  
time on a semi-logarithemic scale (Figure 4 ) .  
a f i r s t -order  r a t e  expression. P i t t s  (3 )  a l s o  suggested a f i r s t - o r d e r  r a t e  expression 

This p l o t  gave a s t r a i g h t  l i n e  ind ica t ing  
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f o r  hydrogen consumption. 
hydrogen consumption r a t e  expression is given by 

A procedure s i m i l a r  t o  t h a t  of P i t t s  (3) was used. The 

!k := EXP [-KO EXP (-AE/RT)t] 
Hgo 

A numerical search r o u t i n e  was appl ied t o  determine the  va lue  of KO and AE. 
Figure 4 compares t h e  t h e o r e t i c a l  curve wi th  t h e  experimental data  and represents  a 
s a t i s f a c t o r y  curve f i t .  The t o t a l  s u l f u r  content  and SRC s u l f u r  content  f o r  hydro- 
t rea ted  product were p lo t ted  (Figure 5), and a l i n e a r  r e l a t i o n s h i p  was shown to  
ex ix t  between them. 

The rate expression for hydrodesulfur izat ion and hydrogenation descr ibed above 
were used t o  compute s e l e c t i v i t y .  
s u l f u r  contents  ( s p e c i f i c a l l y ,  0.6, 0.5, and 0.4 percent)  were determined The 
opt imizat ion procedure used i s  i l l u s t r a t e d  below f o r  a spec i f ied  SRC content of 
0.5% o r  a t o t a l  s u l f u r  content  of 0.23 % ( see  Figure 5). 

The optimum process condi t ions f o r  d i f f e r e n t  SRC 

The v a r i a t i o n  of t h e  ca lcu la ted  t o t a l  s u l f u r  values  versus  r e a c t i o n  time and 
r e a c t i o n  temperature was p lo t ted  (Figure 6 ) .  
l e v e l  of 0.23 percent ;  t h e  region above t h i s  l i n e  was l a b e l l e d  as being i n f e a s i b l e  
because, for  a t o t a l  s u l f u r  content  higher  than 0.23 percent ,  t h e  SRC content  was more 
than 0.5 percent. So, t h e  f e a s i b l e  region of search was t h a t  below t h e  dashed l i n e .  
The computed values  of s e l e c t i v i t y  versus  r e a c t i o n  time and temperature was p lo t ted  
(Figure 7 ) .  

A dashed l i n e  was drawn a t  a t o t a l  su l fur  

The maximum s e l e c t i v i t y  f o r  each temperature w a s  found t o  be  located on t h e  dashed 
curve shown i n  Figure 7 ,  t h a t  is, a t  the  boundary. The maximum s e l e c t i v i t y  values  
f o r  each temperature w e r e  compared (Table IV). The highest  temperature and the  
s h o r t e s t  reac t ion  time used gave t h e  maximum s e l e c t i v i t y .  
o i l  with reac i ton  time and temperature were p lo t ted  a l s o  f o r  comparison purposes 
(Figure 8 ) .  A s  shown i n  Table I V ,  t h e  h ighes t  temperature and the  s h o r t e s t  reac t ion  
t i m e  r e s u l t e d  i n  t h e  lowest amount of conversion of SRC t o  o i l .  
performed f o r  d i f f e r e n t  SRC s u l f u r  conten ts ,  and f o r  each case, t h e  h ighes t  tempera- 
t u r e  and the  s h o r t e s t  r e a c t i o n  time gave t h e  maximum s e l e c t i v i t y  and t h e  lowest SRC 
ocnversion. 
l e v e l s  is given i n  Table V. 

The conversion of SRC to  

S i m i l a r  analyses  were 

A summary of t h e  optimum r e a c t i o n  condi t ions obtained f o r  d i f f e r e n t  su l fur  

The opt imizat ion s tudy discussed above suggests  t h e  use of a high temperature 
and a short-react ion time. 
t h e  autoclaves used, t h i s  s tudy was l imi ted  t o  reac t ion  temperatures 5435OC. 
c a t i o n  s t u d i e s  a t  higher  temperatures (>43SoC) a r e  ongoing using micro-reactors. 
The present  s tudy should be supported by complementary c a t a l y s t  aging s t u d i e s  t o  
determine t h e  maximum temperature l i m i t  below which serve deac t iva t ion  and aging does 
not occur. 

CONCLUSIONS 

ing t h e  product from t h e  coa l  d i s s o l u t i o n  s tage.  
presented by two p a r a l l e l  f i r s t - o r d e r  r a t e  expression,  and hydrogen consumption k ine t ics  
can be presented by a f i r s t - o r d e r  r a t e  expression.  A l i n e a r  r e l a t i o n s h i p  e x i s t s  
between t o t a l  s u l f u r  content  and SRC s u l f u r  content  of t h e  hydrotreated product. 

Because of t h e  heat-up and cool-down time l i m i t a t i o n s  of 
Ver i f i -  

The proposed NSPS can be met by hydro t rea t ing  t h e  coal  l i q u i d s  obtained by f i l t e r -  
The desul fur iza t ion  k i n e t i c s  can be 

For 
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1. 
2 .  

3 .  
4. 

5. 

6. 

7. 

t he  Western Kentucky bituminous C9114 coa l  s tudied he re ,  t h e  maximum s e l e c t i v i t y  
and lowest SRC conversion t o  o i l  f o r  a f ixed  SRC s u l f u r  content  a r e  obtained using 
the  highest  r eac t ion  temperature (435'12) and t h e  s h o r t e s t  r eac t ion  time (5 7 min.). 
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Figure 1 .  E f f e c t  of  Amount o f  C a t a l y s t  (Co-Wo-AI) on 
S e l e c t i v i t y  

Reactor - Autoclave 
Coal Liquids - lOCg 
I n i t i a l  Hydrogen Pressure = 2000 PSig (13.9 b!Pd) 
Reaction Time = 30 m i l l u t e s  
Reaction Tempt. = J l C O C  

I I I I 1 1 

0 2 3 6 8 10 12 14 16 

h a u n t  o f  C a t a l y s t ,  g 

Figure 2. Semi-Cog ? l o t  of  T o t a l  Sul fur  (:) vs. Time 
for  Hydrotreat ing Reaction i n  The ?resence o f  Co-+!o-Al 

Reaction Condi t i o n s :  
Coal l i q u i d  - 1CC g 
co-Ro-ai i o  9 
Reactor - dutoclave 
Pressure - ZOCO p s j g  ( i 3 . 3  HPa) i ( z  

0 . W  

E l  \\ 
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?eaction i i x e ,  Minutes 

Figure 4 .  
Hydrotreating Reaction i n  the Presence of  Ca-m-al 

Semi-Log P l o t  of Hg/?so ' 4 s .  iime for 

Jeaction Condi:ions: See Figure 2 
Eg = amount o i  hydrogen ( g )  i n  :he 

Ego = amount o f  hydroqen (9) ini:al ly  
reac-or a t  m y  time 

charqed t o  f5e reac tor  

I 

- ;heoretical  Curve 

Exceri mn ta  1 Ca tj 
0 360' 
0 3as0: 

a 41OoC 

J350C 

0.3 I 1 
:c 1 5  60 7: 

Reaction Tine, .*.linures 
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Figure 5 .  Relat ionship  Between Hydrotreated Total 
Sul fur  Content ( 2 )  and SRC Content (L) 
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0 .  
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T o t a l  Sul fur  Content, % 

Figure 6. V a r i a t i o n  o f  Tota l  Sulfur Content w i t h  Reaction Time dlld Temperature for  
Hydrotreat ing Reaction 

SRC Sulfur = 0.50% 
Total L i q u i d  Sul fur  = 0.23: 

0 
- I  1 1 1 1 1 1 1 1 ~ ~ ~ ~  
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Figure 7 .  Variation of Se lec t iv i ty  w i t h  Reaction Time and lrniperature for 
Hydro trea t i  ng Reaction 

T 7 ,  

o L ' ~ ~ " ' ' l  
'1 10 20 30 40 50 60 70 80 90 100 110 120 

Reaction Time. Minutes 

Figure 8. Conversion of SRC with Hydrotreating Reaction 
Time and Temperature 

Reactor - Autoclave 
Coal Liquids * 1009 40 - 0 435% 
Co-NO-A1 109 

P 410°C In i t ia l  Hydrogen Pres ,sure = 
1 

Reaction T i m ,  ninutes 
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A COMPARISON OF THE HYDRODESULFURIZATION AND HYDRODENITROGENATION ACTIVITIES 
OF MONOLITH ALUMINA IMPREGNATED WITH CO AND MO AND NALCOMO 474 CATALYSTS 
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INTRODUCTION 

In the wake of precarious supplies of petroleum, the need t o  turn to the abundant 
reserves of coal as an energy base can hardly be overemphasized. 
accomplish the objective of using coal extensively, much research effort in the 
field of converting coal to environmentally clean and convenient fuel is required. 
The work presented here is so directed and is a part of the research program, at 
Oklahoma State University, which has the goal of tailoring catalysts for upgrading 
of liquids derived from coal. 

In this study, a novel Monolith alumina structure was of interest as a base (or a 
carrier) material for Co-Mo-Alumina catalysts. The specific interest centered 
around assessing the suitability of the catalyst prepared by impregnating the novel 
alumina support with Co and Mo for hydrodesulfurization (HDS) and hydrodenitrogena- 
tion (HDN) of a relatively high boiling stock. The Monolith catalyst was also 
tested on a low boiling coal-derived liquid. 

However, to 

OBJECTIVE 

The objective of this work was to study the activity of the Monolith catalyst for 
removing sulfur and nitrogen from a Synthoil process liquid (heavy stock) and Raw 
Anthracene Oil (light feedstock), and to make a preliminary assessment of the 
advantages and/or disadvantages of the Monolith catalyst over a commercial catalyst 
used in the petroleum industry. 

MATERIALS 

Feedstocks: 

As mentioned before, two coal-derived liquids were used. One was Raw Anthracene Oil 
obtained from Reilly Tar and Chemical Corporation. The other was a Synthoil liquid. 
obtained from Pittsburgh Energy Research Center. 
liquids are given in Tables I and 11. A s  is clear from the boiling point ranges of 
the two liquids, Synthoil is very high boiling as compared tothe Raw Anthracene Oil. 

The properties of these two 

Catalysts: 

The properties of the two catalysts used in this study are given in Tables I11 and 
IV. 
and Mo on the Monolith alumina support received from the Coming Glass Company. 
Nalcomo 474 catalyst was received from the Nalco Chemical Company. 
commercial preparation and was used as a reference catalyst in this study. 

Figure 1 shows the pore size distribution of the two catalysts as determined from 
the mercury porosimeter data. 
lyst i s  80°A as compared to 33'A of the Nalcomo 474 catalyst. On the other h nd, 
the surface area of the Monolith catalyst is 92.0 m2/gm. as compared to 240 m /gm. of 
the Nalcomo L7L catalyst. 
differ widely as shown in Tables I11 and IV. 

The Monolith catalyst was prepared in the laboratory at OSU by impregnating Co 
The 

It is a 

The most frequent pore radius of the Monolith cata- 

9 
The chemical compositions of the two catalysts also 
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TABLE I 

PROPERTIES OF THE R A W  ANTHRACENE OIL 

Volume D i s t i l l e d ,  
Percent 

10 
20  
30 
40 
50  
6 0  
7 0  
8 0  
90  

Carbon 
Hydrogen 
Sulfur 
Nitrogen 
% % e n  
Ash 
AF'I Gravity 

Boiling Range 

Vapor Temperature, C(F), 
a t  50  m Hg. 

138 .9  ( 2 8 2 )  
169 .4  ( 3 3 7 )  
186  ( 3 6 7 )  
202.7 ( 3 9 7 )  
215 ( 4 1 9 )  
227.2 ( 4 4 1 )  
240.5 ( 4 6 5 )  
256 ( 4 9 3 )  
278.9 ( 5 3 4 )  

W t .  x 
90 .3  

5.57 
0.47 
1 .035  
2 .625  
N i l  

-7 

Vapor Temperature, C(F), 
a t  760  m Hg. 

229.4 ( 4 4 5 )  
263.9 ( 5 0 7 )  
283.3 ( 5 4 2 )  
302.2 ( 5 7 6 )  
315.5 ( 6 0 0 )  
331 .1  ( 6 2 8 )  
345 ( 6 5 3 )  
362.7 ( 6 8 5 )  
387.8 ( 7 3 0 )  

TABLE I1 

PROPERTIES OF THE SYNTHOIL LIQUID 

Volume Percent 
D i s t i l l e d  

10 
20 
30 
33 

Bot toms 

Carbon 
Hydrogen 
Sulfur 
Nitrogen 
Ash 
Speci f ic  Gravity 

Boiling Range 

Vapor Temperature, C(F), 
a t  50 m H g .  

170.5 ( 3 3 9 )  
211.6 (413 )  
260 ( 5 0 0 )  
276.6 ( 5 3 0 )  

W t .  % 

80.5 
7.72 
1 .02  
1 .19  
3.4 
1.12 

Weight 
Percent S.  

0 .2  
0.242 
0.332 
0.366 
1.7 
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TABLE 111 

PROPERTIES OF THE MONOLITH CATALYST 

W t .  x - 
coo 3.37 
Mooj 7 . 2 5  
Support Alumina 
Surface Area, mztgm. 92.0 
Pore volume, em3/gm. 0 . 5 5  
Most Frequent Pore 8 0 . 0  

Radius, OA 

TABLE I V  

PROPERTIES OF THE NALCOMO 474 CATALYST 

Alumina 

coo 
Na20 
Fe 
S i 0 2  
Surface Area, m2tgm. 
Pore volume, @m3/gm. 
Most Frequent Pore 

Moo3 

Radius, OA 

82.39 
12.5 

3 . 5  
0 . 0 8  
0 . 0 3  
1.5 

240 .0  
0 . 4 6  

3 3 . 0  

Figure 2 shows the  shape and s i z e  of the  Monolith alumina supports.  
the form of cy l ind r i ca l  segments of about 2 . 5 4  cm. ( 1  i n . )  i n  length and about 1 .0  
cm. (0 .4  i n . )  i n  diameter. These have longi tudina l  and p a r a l l e l  channels along 
t h e i r  length. The s i z e ,  shape and thickness of the  walls of.the channels are a l s o  
shown i n  Figure 2 .  

The Monolith s t ruc tu re  has about 60 t o  80 percent of i t s  cross-sectional a rea  open. 
Therefore, a bed of r egu la r ly  stacked Monoliths would o f f e r  s ign i f i can t ly  less 
pressure drop than t h a t  encountered i n  conventional packed beds. 
observed by S a t t e r f i e l d  and Ozel (1) fo r  water-air  systems. Some of the  other 
important advantages l i s t e d  by them are :  

(1) 

These are i n  

This has been 

Where i n t r a p a r t i c l e  d i f fus ion  appreciably a f f ec t s  t h e  r a t e  of the  reac t ion ,  
reduction i n  ca t a lys t  p a r t i c l e  s i z e  would be necessary t o  increase  the 
e f fec t iveness  f a c t o r  and hence conversion. 
t o  the  pressure  drop l imi t a t ions  i n  conventional packed beds. In  such 
s i tua t ions ,  t he  u s e  of Monoliths would provide t h e  advantage of higher 
e f fec t iveness  f ac to r .  

When processing coal derived l i qu ids  which contain f ine  s o l i d  p a r t i c l e s ,  
the p o s s i b i l i t y  of bed plugging may be minimized. 

The flow of t he  l i qu id  through regular  channels would provide b e t t e r  
gas-liquid contac t ,  l iqu id  d i s t r ibu t ion  and wetting of the ca t a lys t .  

But t h i s  may not  be poss ib le  due 

( 2 )  

( 3 )  
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(4)  The compressive s t rength  of Monoliths would be much higher than the  
c a t a l y s t  p a r t i c l e s  generally used i n  packed beds. Therefore, the  use 
of Monoliths would enable deep beds t o  be constructed without using 
intermediate supports and gas-liquid d i s t r i b u t o r s .  

A l l  of the above advantages stem from t h e  s p e c i a l  geometry of the Monoliths as  
compared t o  tha t  of the usual  c a t a l y s t  p a r t i c l e s .  

EXPERIMENTAL SETUP AND PROCEDURE 

Reactor System: 

A t r i c k l e  bed reac tor  system was employed i n  t h i s  study. 
experimental system i s  shown i n  Figure 3. 
s t a i n l e s s  s t e e l  tube packed with t h e  c a t a l y s t .  
(14 i n . ) .  When using Monolith c a t a l y s t ,  r e d i s t r i b u t o r s  were put  a t  i n t e r v a l s  of 
10.15 cms. ( 4  in . )  each t o  ensure t h a t  t h e  l i q u i d  passes through the  Channels. 
Figure 4 shows cross-section of the r e a c t o r  packed with the  Monolith and Nalcomo 
474 ca ta lys t s .  
p a r t i c l e s .  

The reac tor  was heated with the he lp  of massive aluminum blocks placed around the  
reac tor .  
by t ravers ing  a thermocouple i n  a thermowell placed along the  reac tor  bed. 
reac tor  was operated a t  near ly  isothermal condi t ions.  

Method of Operation: 

Af te r  loading the  reac tor  with the c a t a l y s t  and i n s t a l l i n g  i t  i n  the  experimental 
setup,  the c a t a l y s t  was ac t iva ted .  
232.2 C (450 F) and then s u l f i d i n g  it  with a mixture of 5.14 volume percent H2S i n  
H2. 
gen and o i l  s t a r t e d .  After about 32 hours of reactor-in-oil  operat ion,  representa- 
t i v e  product o i l  samples were taken at  spec i f ied  r e a c t o r  condi t ions.  
time of  32 hours was allowed t o  s t a b i l i z e  t h e  a c t i v i t y  of t h e  c a t a l y s t .  
o i l  samples were analyzed f o r  t h e i r  s u l f u r  and nitrogen contents with the  help of a 
Leco Model 634-700 automatic s u l f u r  analyzer and Perkin Elmes Model 240 elemental 
analyzer ,  respec t ive ly .  

A schematic diagram of the 
The reac tor  was a 12.7 mm (0.5 i n . )  O.D.  

The c a t a l y s t  bed height was 35.5 cms. 

The l a t t e r  c a t a l y s t  was used i n  the form of 6-10 mesh (2  mm.) s i z e  

The reac tor  temperature was measured a t  every inch of t h e  c a t a l y s t  height 
The 

This was done by f i r s t  ca lc in ing  the  c a t a l y s t  a t  

The reac tor  was then brought t o  the operating conditions and the flow of hydro- 

The l i n e  out  
The product 

RESULTS 

Figure 5 and 6 show t h e  r e s u l t s  of t h i s  study along with the r e s u l t s  of Sooter ( 2 )  
and Satchel1 ( 3 )  who conducted similar s tudies  using the same experimental setup 
but  with Nalcomo 474 c a t a l y s t  and Raw Anthracene O i l .  The graphs presented here  
a r e  e i t h e r  weight percent s u l f u r  or ni t rogen  i n  t h e  product o i l  from t h e  r e a c t o r  vs .  
the  volume hourly space time. 
correspond t o  higher a c t i v i t y  of t h e  c a t a l y s t  under consideration. 

The r e s u l t s  with each feedstock and c a t a l y s t  were obtained over a s i n g l e  r e a c t o r  run 
l a s t i n g  105-132 hours .  
t i o n s  were  repeated a t  the end t o  check f o r  l o s s ,  i f  any, of the  c a t a l y s t  a c t i v i t y .  
No s i g n i f i c a n t  decrease i n  c a t a l y s t  a c t i v i t y  was observed over the conditions s tud ied .  

The overa l l  reproducib i l i ty  of each reac tor  experimental run was checked by compar- 
ing the  mode of response of desu l fur iza t ion  and denitrogeneration to  changes i n  
space time as observed from the  two reac tor  runs on t h e  same feedstock. Figures 5 
and 6 show t h a t  reac tor  m n s  were reproducible. 

An estimate of t h e  p r e c x i o n  of s u l f u r  and nitrogen analyses was made by analyzing 
Raw Anthracene O i l  and Synthoil  l i q u i d  a number of times. 

Low s u l f u r  or nitrogen i n  the  product o i l  would 

In  each reac tor  experimental run,  the start  up r e a c t o r  condi- 

The r e s u l t s  of s u l f u r  
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analysis  Of Raw Anthracene O i l  were found to  be prec ise  within 0.25%. 
of other  resu l t s  was within 5.0%. 

But precis ion 

DISCUSSION 

Figure 5 indicates  t h a t  on volume b a s i s ,  the  a c t i v i t y  of the  Monolith ca ta lys t  is 
less  than the a c t i v i t y  of Nalcomo 474 c a t a l y s t  when Raw Anthracene O i l  was the feed- 
s tock.  
Figure 6 shows t h a t  when tes ted  on Synthoi l ,  the  HDS a c t i v i t y  of the  two ca ta lys t s  
were almost the same on volume bas is .  
weight bas i s ,  Monolith c a t a l y s t  was observed t o  remove more su l fur  per  un i t  weight 
of the ca ta lys t .  

Since the surface areas  of t h e  two c a t a l y s t s  d i f fe red  widely, comparison of 
a c t i v i t i e s  of the two c a t a l y s t s  on uni t  surface area bas i s  was s tudied.  Figures 7 
and 8 represent such a comparison. 
the t o t a l  surface area of the ca ta lys t  i n  the reac tor  and Q i s  the volumetric flow 
r a t e  of o i l .  
times. 
t i a l l y  same amount of surface areas  of the  two c a t a l y s t s  would be required.  
with regard to  removing ni t rogen,  surface areas  required of two ca ta lys t s  would be 
d i f f e r e n t .  
as  Raw Anthracene O i l  i s  concerned, the u n i t  surface a c t i v i t y  of the  two c a t a l y s t s  i s  
the same. 
Monolith ca ta lys t  than for  the  Nalcomo 474 c a t a l y s t .  

Figure 8 shows the comparison of t h e  surface a c t i v i t i e s  of the two c a t a l y s t s  on the 
heavier feedstock, i . e . ,  Synthoi l .  In t h i s  case,  the a c t i v i t y  of the  Monolith 
ca ta lys t  is  far  grea te r  than t h a t  of t h e  Nalcomo 474 c a t a l y s t .  
d i f f e r e n t  from t h a t  observed on the Raw Anthracene O i l ,  and as  fur ther  discussion 
w i l l  show, t h i s  difference i n  the s u p e r i o r i t i e s  of the Monolith c a t a l y s t  on the two 
feedstocks throws l i g h t  on some i n t e r e s t i n g  and important observations and conclusions 
of t h i s  study. 

To have a quant i ta t ive  idea of the  higher uni t  surface area a c t i v i t y  of the Monolith 
c a t a l y s t ,  r a t e  constants  based on surface area were considered e s s e n t i a l  t o  know. 
To accomplish t h i s ,  the  global  reac t ion  k i n e t i c s  of desu l fur iza t ion  and denitrogena- 
t i o n  were determined. For the  desu l fur iza t ion ,  the following three k i n e t i c  models, 
as  suggested i n  l i t e r a t u r e ,  w e r e  t es ted  t o  see as  t o  which one bes t  represented the 
data  of t h i s  study. 

Similar behavior was observed when comparison was made on weight bas i s .  

However, when comparison was made on the 

The abscissa  of these graphs is  S/Q, where S is  

S/Q or  S/W a r e  qui te  akin t o  volume hourly o r  weight hourly space 
Figure 7 shows t h a t  f o r  removing s u l f u r  from the  Raw Anthracene O i l ,  essen- 

However, 

This ind ica tes  t h a t  as  f a r  as  the  desu l fur iza t ion  of l i g h t e r  s tock such 

But the surface a c t i v i t y  towards deni t rogenat ion i s  higher f o r  the 

This behavior i s  

(1) Second order; 1 = k t  + L  
cA ‘A0 

(2) Combination of two f i r s t  order  reac t ions ;  one f o r  the l i g h t e r  and the  other  
for  the  heavier f rac t ions  of the s tock;  

C 

‘A0 

where u i s  the f r a c t i o n  of l i g h t  o r  heavy comonent i n  t h e  feed. 

A E ue-klt + ( 1  - u)e-k2t 

,-kt ( 3 )  F i r s t  order ;  - = 
A0 

The second model was discarded because the  value of the r a t e  constant  k2 found by 
the non-linear regression of data  was approximately zero which was not considered 
reasonable on a physical  bas i s .  Of the other  two models, the f i r s t  model, i . e . ,  the 
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TABLE v 
SECOND ORDER RATE CONSTANTS (VOLUMETRIC) 

~~~~~ ~ _____ 

Raw Anthracene Oil Synthoi? 

Monolith Nalcmo 474 Monolith Nalcomo 474 
Catalyst Catalyst Catalyst Catalyst 

Desulfurization 8.68 48. aa 0.427 0.431 

Deni t ro gena ti on 0.724 1.4b 0.084 0.134 

TABLE VI 

SURFACE AREA RATE CONSTANTS 
4 cm 

k' (gm.) (hour1 

Raw Anthracene Oil Synthoil 

Monolith Nalcomo 474 Monolith Nalcomo 474 
Catalyst Cat a lys t Catalyst Catalyst 

Desulfurization 2282 2400' 108 25 

Denitrogenation 190 8.5 

aCorresponds to the volumetric rate constant obtained using Sooter's data (2)  

bCorresponds to the volumetric rate constant obtained using Stachell's data (3) 

second order rate expression was found to fit ,the data better. 
only the first and second order models were examined, and in this case also the latter 
model was found to represent the data better. 

Table V gives the values of the second order rate constants for the HDS and HDN for 
both liquids and catalysts studied. The values of the rate constants for HDS and 
HDN of Raw Anthracene Oil using Nalcomo 474 catalyst were obtained by applying the 
same non-linear regression analysis technique to the data of Sooter (2) and Satchel1 
(3). The comparison of the rate constants lead one to the same conclusion as shown 
by Figures 5 and 6. 

For denitrogenation, 
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The r a t e  constant based on surface a rea ,  k,, was ca lcu la ted  from the volumetric r a t e  
constants  by using the following equation: 

3 cm 
hour) (gm.) where k = volumetric r a t e  constant ,  ( 

3 Vr = volume of the reac tor ,  cm 

S = t o t a l  surface a rea  of the  c a t a l y s t ,  cm2 

The values of ks calculated f o r  the var ious values  of k a r e  given i n  Table VI. I n  
the case of Synthoil, the  observed surface area r a t e  constants  for  desu l fur iza t ion  
as wel l  as denitrogenation are 'about  3 t o  4 times higher  f o r  the Monolith c a t a l y s t  
than those f o r  the Nalcomo 474 c a t a l y s t .  
surface a c t i v i t y  of the  Monolith ca ta lys t  f o r  t r e a t i n g  heavier  l iqu ids  i s  much 
higher than the c o m e r c i a l  Nalcomo 474 c a t a l y s t .  
Anthracene O i l ,  the observed surface area r a t e  constants  f o r  desu l fur iza t ion  a re  
about the same for  both c a t a l y s t s  and hence they have the same observed surface 
a c t i v i t y  for  t h i s  l i g h t e r  feedstock. 
t h i s  l iqu id  i s  higher f o r  the Monolith c a t a l y s t  than f o r  the Nalcomo 474 c a t a l y s t .  

Thus, the  Monolith c a t a l y s t  seems t o  have p o t e n t i a l  s u p e r i o r i t y  over the commercial 
c a t a l y s t s  used i n  t h i s  study, espec ia l ly  f o r  t r e a t i n g  high boi l ing  s tocks.  

Reasons for  the Higher Observed Unit Surface Area Act ivi ty  of the Monolith Catalysts :  

There can be three main reasons : 

(1)  

This  f u r t h e r  confirms t h a t  the observed 

However, i n  the  case of Raw 

But t h e  deni t rogenat ion r a t e  constant even on 

I n t r i n s i c  a c t i v i t y  of the Monolith c a t a l y s t  was higher than t h a t  of the Nalcomo 
474 ca ta lys t .  

Fluid dynamic e f f e c t s  i n  the  reac tor  when Nalcomo 474 c a t a l y s t  was used did not 
provide e f f i c i e n t  so l id- l iqu id  contact ing.  

There were severe d i f fus iona l  l imi ta t ions  i n  t h e  case of N a l c m  474 c a t a l y s t ,  
which had a pore radius  of ?9'A,due t o  which i ts  surface area u t i l i z a t i o n  was 
very low as compared t o  surface area u t i l i z a t i o n  i n  the case of Monolith 
ca ta lys t  which had pore radius  of 80°A. 

( 2 )  

( 3 )  

I f  one considers t h a t  the Monolith c a t a l y s t  was i n t r i n s i c a l l y  more ac t ive  than the 
Nalcomo 474 ca ta lys t  then the observed s u p e r i o r i t y  of the Monolith ca ta lys t  should 
be almost the same, or a t  l e a s t  have the same order  of magnitude, when tes ted  on 
two d i f f e r e n t  feeds. But as  explained e a r l i e r ,  t h e  observed surface a c t i v i t i e s  of 
the two ca ta lys t s  f o r  €IDS are  almost equal i n  the  case of Raw Anthracene O i l ,  while 
on Synthoil the observed surface a c t i v i t y  of the  Monolith is  about 4 times t h a t  of 
the Nalcwo 474 c a t a l y s t .  
the Monolith ca ta lys t  used i n  t h i s  study was  not i n t r i n s i c a l l y  more ac t ive  than the 
Nalcomo 414 c a t a l y s t  a s  f a r  a s  the  HDS was concerned. 

In previous s tud ies ,  Sooter ( 2 )  and Satchel1 ( 3 )  observed t h a t  reducing the p a r t i c l e  
s i z e  of the Nalcomo 474 c a t a l y s t  from 8-10 mesh t o  40-48 mesh did not have any 
s i g n i f i c a n t  e f f e c t  on the  desu l fu r i za t ion  and denitrogenation of Raw Anthracene O i l  
under s imi la r  experimental condi t ions as employed i n  t h i s  study. This suggests tha t  
the f l u i d  d i s t r i b u t i o n  and hence the f l u i d  dynamic e f f e c t s  were not important i n  the 
t r i c k i e  bed reac tors  as  operated f c r  t h i s  work. 

Therefore, there  i s  s u f f i c i e n t  ground t o  bel ieve t h a t  

i f  these e f f e c t s  were important, 
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then the reduction i n  p a r t i c l e  s i z e  should increase  conversion, or the HDS and WN, 
by improving f lu id  d i s t r i b u t i o n  and reducing the  i n t r a p a r t i c l e  d i f fus ion  res i s tances .  

Under the l ikelihood t h a t  the  f i r s t  two reasons do not  expla in  the  r e s u l t s  of t h i s  
study or a r e  not important i n  the  present contex t ,  i n t r a p a r t i c l e  d i f fus ion  l ia i ta-  
tiOnS appear to be responsible fo r  d i f f e r e n t i a t i n g  the  activities of the two 
Catalysts.  
pared t o  Raw Anthracene O i l .  This means t h a t  the  molecules tha t  cons t i t u t e  Synthoil  
a r e  l a rge r  on the average than the  molecules t h a t  cons t i t u t e  the  Raw Anthracene o i l .  
Therefore, the smaller pore s i z e ,  330A, of t he  Nalcomo 474 ca t a lys t  and i t s  longer 
diffusion path, which i s  the  rad ius  of the  ca t a lys t  p a r t i c l e ,  about 1 mu, would 
o f f e r  much higher i n t r a p a r t i c l e  d i f fus ion  r e s i s t ance  t o  Synthoi l  molecules than t o  
the Raw Anthracene O i l  molecules. 
Of Nalcomo 474 on Synthoil  l i qu id  but  no t  as much on Raw Anthracene O i l .  Therefore, 
observed unit surface a rea  a c t i v i t y  of Nalcolm, 474 c a t a l y s t  on Synthoil  would be 
lowered appreciably a s  compared t o  the  lowering of t he  a c t i v i t y  of the  same ca t a lys t  
on Raw Anthracene O i l .  
approximately two and a ha l f  t i m e s  l a rge r  than the  pores of the Nalcomo 474 ca t a lys t .  
The d i f fus ions  path is only 0.114 mm, i . e . ,  ha l f  t he  thickness of the channel wall .  
This i s  1 /9  times the d i f fus ion  path length  of the  Nalcomo 474 ca t a lys t .  
this, the Monolith c a t a l y s t  would o f f e r  much less d i f fus ion  res i s tance  t o  Synthoil  
molecules than t h a t  of fe red  by Nalcow 474 ca t a lys t .  Therefore,  the percent Surface 
a rea  u t i l i z a t i o n  of the Monolith ca t a lys t  would be much higher  than the  percent 
surface a rea  u t i l i z a t i o n  of the Nalcomo 474 ca t a lys t .  But t he  l a rge r  pore s i z e  and 
smaller d i f fus ion  length of the  Monolith ca t a lys t  could not  have any advantage when 
3 l i g h t e r  feedstock l i k e  Raw Anthracene O i l  i s  processed because, as determined by 
Sooter (2 )  and Sa tche l l  (31, t h i s  feedstock does no t  have s ign i f i can t  d i f fus ion  
problems with the Nalcomo 474 ca t a lys t .  

To have a quan t i t a t ive  Idea o f  the  problem o f  I h t a a p a r t i t l e  d i f fus ion ,  "Effectiveness 
Factors" f o r  the two c a t a l y s t s  were ca lcu la ted  from the  observed reac t ion  r a t e s  using 
the re la t ionship  between 0 and n ( 5 )  and the  " t r i ang le  method" suggested by Sa te r f i e ld  (4) 
The Effectiveness Factors fo r  the Monolith and Nalcomo 474 ca t a lys t  were found t o  b e  
0.94 and 0.216, respec t ive ly .  

Tables I and I1 show t h a t  the  Synthoil  i s  a high boi l ing  l i qu id  a5 Con- 

This would severe ly  l i m i t  sur face  a rea  u t i l i z a t i o n  

On the o ther  hand, pores of the Monolith ca t a lys t  are 

Due t o  

SUMMARY 

The r e s u l t s  of t h i s  study ind ica ted  t h a t  a t  the  reac tor  opera t ing  conditions of 371 C and 
1500 psig,  the observed HDS a c t i v i t y  based on u n i t  sur face  a rea ,  w a s  much higher f o r  
t h e  Monolith ca t a lys t  as compared t o  the  Nalcomo 474 c a t a l y s t  when processing the  
heavier feedstock, i . e . ,  Synthoil .  But i t  w a s  about the  same when processing a l i g h t e r  
feedstock l i k e  Raw Anthracene O i l .  Since the  average pore r ad ius  and the  i n t r a p a r t i c l e  
d i f fus ion  length of the  Monolith c a t a l y s t  were 87.6'A and 0.114 mm agains t  31°A and 1 mm 
of the Nalcomo 474 c a t a l y s t ,  the  i n t r a p a r t i c l e  d i f fus ion  was considered t o  be responsible 
fo r  the lower observed a c t i v i t y  of the  Nalcomo 474 c a t a l y s t  on the heavier feedstock. 
From the observed r a t e s  of reac t ion ,  the  Effectiveness Fac tors  fo r  t he  Monolith and 
Nalcomo 474 ca t a lys t s  were found t o  be 0.94 and 0.216, respec t ive ly ,  f o r  the  HDS of 
Synthoil. 
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THE THERMAL CRACKING OF COAL-DERIVED MATERIALS 
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National Coal Board, Coal Research Establ ishment ,  Stoke Orchard 
Cheltenham, Glos. GL52 4R2, England 

SUMMARY 

Up t o  27% benzene, to luene  and xylenes  and 24% e t h y l e n e  were obta ined  by 
cracking  a h ighly  hydrogenated c o a l  e x t r a c t ,  compared t o  l e s s  than  4% of  each 
from unhydrogenated c o a l ,  coa l  e x t r a c t  and anthracene o i l .  The importance of 
naphthenes as BTX and e thylene  p r e c u r s o r s  was confirmed. 

I N T R O D U C T I O N  

Many of t h e  feeds tocks  f o r  t h e  chemical  i n d u s t r y ,  e s p e c i a l l y  aromatic  
hydrocarbons,  were o r i g i n a l l y  obta ined  as byproducts  from t h e  carbonisa t ion  of  
c o a l  (1.2). However, nowadays most of t h e s e  chemical feeds tocks  a r e  der ived  
from petroleum. Never the less ,  it is probable  t h a t ,  w i t h i n  t h e  next  few decades,  
t h e  shor tage  of  world r e s e r v e s  of petroleum w i l l  mean t h a t  BTX w i l l  once aga in  
have t o  be produced from coal, as w i l l  e thy lene .  , I t  i s ,  t h e r e f o r e ,  a p p r o p r i a t e  
t o  examine ways i n  which t h e s e  m a t e r i a l s  can be produced from c o a l ;  t h e  p r e s e n t  
i n v e s t i g a t i o n  w a s  designed t o  s tudy  t h e  formation of  BTX and e thylene  by t h e  
thermal  cracking o f  coal-der ived m a t e r i a l s  from t h e  NCB c o a l  l i q u e f a c t i o n /  
hydrogenat ion processes  ( 3 ) .  

EXPERIMENTAL 

Feedstocks 

The vapours from t h e  c a r b o n i s a t i o n  of a bi tuminous,  low-rank c o a l ,  an 
anthracene o i l  and a c o a l  e x t r a c t  i n  an thracene  o i l  were d i l u t e d  with n i t r o g e n  
and cracked;  t h e i r  product  y i e l d s  were compared with those  from t h e  c racking  o f  
a p a r t i a l l y  hydrogenated an thracene  o i l  and coa l  e x t r a c t s  hydrogenated t o  varioils 
e x t e n t s .  The coa l  w a s  Linby (Nat iona l  Coal Board, Coal Rank Code 802) and t h e  
e x t r a c t  was prepared by d i g e s t i o n  a t  673 K and 8 b a r  i n  anthracene o i l ,  
f i l t r a t i o n  t o  remove mineral  matter and d isso lved  c o a l ,  followed by d i s t i l l a t i o n  
under reduced p r e s s u r e  u n t i l  t h e  e x t r a c t  contained about  70% c o a l .  The two c o a l  
e x t r a c t  hydrogenates were prepared by c a t a l y t i c a l l y  reducing  a d i l u t e  e x t r a c t  
from Annesley ( N C B ,  CRC 702) c o a l  i n  a t r i c k l e  bed r e a c t o r  and f r a c t i o n a t i n g  t h e  
product .  
two h ighly  hydrogenated l i q u i d s .  

The f r a c t i o n s  were f u r t h e r  reduced i n  a vapour phase r e a c t o r  t o  g i v e  

Four model compounds, n-undecane, t e t r a l i n ,  c i s / t r a n s  d e c a l i n  and 
mes i ty lene ,  and a n a t u r a l  gas  condensate  from t h e  North Sea were a l s o  cracked.  
Analyses and t h e  re ference  code key of t h e  coal-based feeds tocks  and t h e  gas  
condensate  a r e  given i n  Table 1. P a r a f f i n ,  naphthene and aromatic  type  ana lyses  
were c a l c u l a t e d  from g a s  chromatographic ana lyses  of t h e  p a r t i a l l y  hydrogenated 
an thracene  o i l  and gas  condensate ,  whereas mass spec t romet r ic  analysis-was 
performed on t h e  two c o a l  e x t r a c t  hydrogenates  and t h e i r  f u r t h e r  hydrogenated 
products .  

Apparatus and Procedure 

The experiments with t h e  s o l i d  feeds tocks  and t h e  i n i t i a l  experiments  on 
l i q u i d  samples were c a r r i e d  o u t  i n  t h e  appara tus  shown i n  Figure la .  The vapours 
from a s t a i n l e s s  s t e e l ,  s t i r x d - b e d  c a r b o n i s e r / v a p o r i s e r  a t  873 K were cracked 
a t  z tnospher ic  pressure  in a tu3e  r e a c t o r  heated i n  a platinum-wound f w n a c e .  
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The reac tor  was 30 mm I D  and had a 100 mm long h o t  zone w i t h i n  20 K of t h e  
m a x i m u m  r e a c t o r  temperature .  
from a v ibra tory  t a b l e  through a water-cooled p o r t .  
t h e  Same poin t  from a mechanical ly  dr iven  syr inge  a t  0 .1  t o  0 .8  m l  min-l. 
amount fed  was determined by weighing t h e  feeders .  

Liquid products  were c o l l e c t e d  i n  two g l a s s  t r a p s  a t  258 K and i n  a g l a s s  
The gas  w a s  measured i n  a dry  g a s  meter and sampled over  mercury 

S o l i d  feeds tocks  were in t roduced  a t  about 1 g min-’ 
Liquids  were i n j e c t e d  a t  

The 

wool f i l t e r .  
i n t o  g l a s s  b o t t l e s .  The r e a c t o r  and c o l l e c t i o n  t r a i n  were weighed and t h e  
l i q u i d s  removed with a known amount of chloroform. The e f f e c t s  of vapour 
res idence  time and cracking  temperature  on t h e  product  y i e l d s  from each feedstock 
were i n v e s t i g a t e d .  The e f f e c t s  of v a r i a b l e s  such as r e a c t o r  s u r f a c e ,  type and 
a r e a ,  feedstock vapour concent ra t ion  and t h e  a d d i t i o n  of  steam w a s  a l s o  t e s t e d  
over  a l imi ted  range of c o n d i t i o n s  with a hydrogenated c o a l  e x t r a c t .  
and l i q u i d  products  were analysed by chromatography. 

Gaseous 

Later  experiments with t h e  hydrogenated feeds tocks ,  which were completely 
vapor i sab le ,  were performed by i n j e c t i n g  t h e  l i q u i d s  i n t o  t h e  top  of the  smal le r  
r e a c t o r  ( 9  mm I D )  shown i n  F igure  l b :  t h e  l i q u i d  feed  r a t e  w a s  only a t e n t h  of 
t h a t  required f o r  t h e  l a r g e r  appara tus ;  t h e  furnace  and c o l l e c t i o n  systems were 
similar. Comparative t e s t s  with cis/trans d e c a l i n  and hydrogenated anthracene 
o i l  showed t h a t  t h e  smal le r  r e a c t o r  gave marginal ly  h igher  BTX and e thylene  
y i e l d s  than  the  l a r g e r  r e a c t o r .  

RESULTS 

The Effec t  of Sur face ,  Reactant  Concentrat ion and Di luent  

Resul t s  from t h e  c racking  of a hydrogenated c o a l  e x t r a c t  similar t o  (D) i n  
t h e  l a r g e r  r e a c t o r  with and wi thout  copper o r  s t a i n l e s s  s t e e l  packing,  which 
increased the  s u r f a c e  a r e a  about  t h r e e f o l d  w h i l s t  decreas ing  t h e  r e a c t o r  volume 
by only lo%, showed t h a t  n e i t h e r  copper nor  s t a i n l e s s  s t e e l  s i g n i f i c a n t l y  
a f f e c t e d  t h e  y i e l d s  of  BTX and e thylene .  
concent ra t ion  of t h e  feeds tock  vapour ( a t  c o n s t a n t  vapour res idence  t ime)  a l s o  
had no s i g n i f i c a n t  e f f e c t .  
g i v e  a 70% steam + 30% n i t r o g e n  mixture  had a n e g l i g i b l e  e f f e c t  on t h e  y i e l d s  
of BTX and e thylene  al though xylenes  were favoured a t  t h e  expense of benzene. 

Unhydrogenated Coal-derived Mater ia l s  

An e i g h t f o l d  reduct ion  i n  t h e  

Replacement o f  p a r t  o f  t h e  d i l u e n t  n i t rogen  t o  

Prel iminary experiments  on c racking  t h e  vapour from coal  e x t r a c t  ( B )  a t  
1133 K f o r  0 .7  t o  8 s showed t h a t  t h e  BTX y i e l d  peaked a t  2 s whereas e thylene  
w a s  favoured by s h o r t e r  res idence  t imes.  F igure  2 shows t h e  e f f e c t  of  c racking  
temperature  a t  2 s vapour r e s i d e n c e  time on t h e  y i e l d s  of BTX,  benzene and 
e thylene  from Linby c o a l  ( A ) ,  c o a l  e x t r a c t  ( B )  and an thracene  o i l  ( C ) .  Yields  
of BTX and benzene peaked a t  about  1273 K whereas t h e  maximum e thylene  y i e l d s  
were obtained a t  about 1100 K .  The mass ba lances  and y i e l d s  of  t h e  gaseous and 
l i q u i d  products  a t  one c o n d i t i o n ,  1273 K f o r  2 s, a r e  g iven  i n  Table 2. 

The y i e l d s  of BTX and e thylene  a r e  low, l e s s  than 3.5% BTX and 1.5% ethylene :  
t h e  h ighes t  y i e l d s  were from Linby c o a l .  
than  the  1% from convent iona l ,  high temperature  c o a l  c a r b o n i s a t i o n  ( 2 1 ,  they 
a r e  only a f r a c t i o n  of those  obta inable  from petroleum feeds tocks  (4 ) .  

Although the  BTX y i e l d s  a r e  g r e a t e r  

Hydrogenated Coal-derived M a t e r i a l s  

The y i e l d s  from t h e  p a r t i a l l y  hydrogenated an thracene  o i l  ( C l ) ,  two coa l  
e x t r a c t  hydrogenates (D and E )  and t h e i r  f u r t h e r  hydrogenated products  ( D 1  and 
E l )  when cracked a t  ll33 K ,  which favoured e thylene  format ion ,  a r e  l i s t e d  i n  
T&le 2 toge ther  with t h e  y i e l d s  from t h e  gas  condensate  a t  1158 K .  The BTX. 
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benzene and e thylene  y i e l d s  from t h e  two f u r t h e r  hydrogenated m a t e r i a l s  ( D 1  and 
E l )  are p l o t t e d  a g a i n s t  c racking  temperature  i n  F igure  3 .  

Table 2 shows t h a t  t h e  p a r e n t  hydrogenates  (D and E) gave r e l a t i v e l y  low 
y i e l d s  of BTX and e thylene  ((10%) whereas cons iderable  y i e l d s  o f  polynuclear  
aromatics  such as naphthalene,  methyl naphtha lenes ,  acenaphthylene,  f luorene ,  
anthracene and phenanthrene were obta ined .  I n  c o n t r a s t ,  t h e  f u r t h e r  hydrogenated 
m a t e r i a l s  ( D 1  and E l )  gave h igher  yie1g.s of BTX and e thylene  ( >  20%) and 
r e l a t i v e l y  low y i e l d s  of  po lynuclear  a romat ics .  The h i g h e s t  y i e l d s  of  BTX, 
27% zt 1083 K f o r  1 9 and. z.t. 1 1 0 8  K f o r  0.4 s ;  and of e t h y l e n e ?  24% a t  1158 K 
f o r  0.4 s ,  were both  obta ined  from D1. The curves  i n  F igure  3 f o r  a vapour 
res idence  time of 0.4 s show broad m a x i m a  i n  BTX and e thylene  y i e l d s ;  similar 
m a x i m a  were obta ined  a t  1 and 2 s b u t  at  s l i g h t l y  lower c racking  temperatures .  

The y i e l d s  from t h e  p a r t i a l l y  hydrogenated anthracene o i l  ( C l ) ,  a l s o  given 
i n  Table 2 ,  a r e  r e l a t i v e l y  low, l i t t l e  more than  10% BTX and e thylene  being 
obta ined .  

Natura l  Gas Condensate 

To compare t h e  y i e l d s  from coal-der ived m a t e r i a l s  wi th  those  from a 
petroleum material, a f u l l  range ,  North Sea g a s  condensate  ( F )  was cracked a t  
1158 K for 0 . 4  S .  Its a n a l y s i s  i s  g i v e n  i n  Table  1 and t h e  y i e l d s  obtained 
a r e  l i s t e d  i n  Table 2 .  More e thylene  (30%) b u t  l e s s  BTX (16%) were produced 
than  from t h e  h ighly  hydrogenated c o a l  m a t e r i a l s .  

Model Compounds 

Four model compounds (mes i ty lene  f o r  a romat ics ,  t e t r a l i n  f o r  hydroaromatics, 
d e c a l i n  f o r  naphthenes and n-undecane f o r  p a r a f f i n s )  were cracked s i n g l y  and 
as mixtures  a t  1133 K f o r  1 S .  The y i e l d s  of  BTX, e t h y l e n e ,  bu tad iene  and 
methane a r e  shown a s  a b a r  c h a r t  i n  F igure  4. 
y i e l d ,  25%, compared wi th  l e s s  than  7% from n-undecane. Mesi tylene gave only 
8% BTX. T e t r a l i n  produced t h e  l e a s t  BTX, 3%. i t s  major products  be ing  poly- 
n u c l e a r  a romat ics .  
3% from t e t r a l i n  and 0.2% from mesi tylene.  S i x  b i n a r y ,  f o u r  t e r n a r y  and t h e  
qua ternary  mixtures  of t h e  f o u r  compounds were cracked and t h e  observed 
product  y i e l d s  were w i t h i n  i 2 %  o f  t h e  v a l u e s  c a l c u l a t e d  from t h e  c o n s t i t u e n t s '  
y i e l d s .  

Decal in  gave t h e  h i g h e s t  BTX 

n-Undecane gave 37% ethylene  compared t o  20% from d e c a l i n ,  

DISCUSSION 

The low y i e l d s  of BTX and e t h y l e n e  from t h e  unhydrogenated feedstocks 
r e f l e c t  the  s t a b i l i t y  o f  t h e  condensed aromatic  s t r u c t u r e s  which c o n s t i t u t e  
much of t h e i r  v o l a t i l e s  and confirm t h e  f i n d i n g s  of a l i t e r a t u r e  review ( 5 ) .  
I t  i s  i n t e r e s t i n g  t h a t  t h e  c o a l  e x t r a c t  ( B ) ,  which conta ined  70% c o a l ,  y ie lded  
even less BTX and e thylene  than  t h e  c o a l  i t s e l f ;  t h i s  i s  probably due t o  
e l i m i n a t i o n  of  r e a c t i v e  c o n s t i t u e n t s  and cross - l ink ing  dur ing  d i g e s t i o n /  
e x t r a c t i o n  of t h e  c o a l .  

Yields  of  BTX and e t h y l e n e  increased  wi th  i n c r e a s i n g  e x t e n t  of hydro- 
g e n a t i o n  of  c o a l  e x t r a c t ,  as i n d i c a t e d  by t h e  H/C r a t i o s  l i s t e d  i n  Table 1. 
This  w a s  r e f l e c t e d  i n  t h e i r  naphthene c o n t e n t s ,  which were i n  t h e  order  D 1 '  
E l  ? D > E ,  and confirms t h e  f i n d i n g  (6)  t h a t  po lynuclear  aromatic  hydro- 
carbons  need t o  be f u l l y  hydrogenated t o  t h e  naphthenic  s t r u c t u r e  t o  maximise 
t h e i r  conversion t o  BTX and e thylene .  Concomitantly, t h e  y i e l d s  of tar  and 
polynuclear  a romat ics  decreased with decrease  i n  t h e  (hydroaromatic  + 
aromat ic )  c o n t e n t  of t h e  feeds tock ,  sugges t ing  t h a t  t h e  h igher  a romat ics  r e s u l t  
from t h e  dehydrogenat ion of hydroaromatics  t o  t h e  p a r e n t  aromatics  and from 
t'ne s u r v i v a l  of t'nose aromatic  hydrocarbons a l ready  p r i s e n t .  34% of  C2-C4 
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gaseous hydrocarbons (C2H6,  C2H4, C3-C4 u n s a t u r a t e s  and s a t u r a t e s )  were obta ined  
from E l  a t  1133 K f o r  0.4 s (up t o  17% C3-C4 u n s a t u r a t e s  were obtained a t  a 
lower cracking temperature  of 1083 K). The sum of BTX + valuable  gaseous 
hydrocarbons amounted t o  55% a t  1133 K ,  60% a t  lower temperatures .  

Some ace ty lene  and polyace ty lenes ,  which are u n d e s i r a b l e ,  explos ive  
byproducts, were a l s o  formed. The amount increased  wi th  t h e  s e v e r i t y  of c racking  
b u t  was only 2.5% of t h e  maximum e thylene  y i e l d ;  t h i s  va lue  is about  t h a t  found 
i n  the  i n d u s t r i a l  c racking  of petroleum naphtha t o  e thylene  (7.8). 

Cracking temperature  and vapour r e s i d e n c e  t i m e  were t h e  most important  
parameters  c o n t r o l l i n g  t h e  c racking  r e a c t i o n s .  Within t h e  range of condi t ions  
t e s t e d ,  o ther  v a r i a b l e s  such as type  and a r e a  of  c r a c k i n g  s u r f a c e ,  t h e  vapour 
concent ra t ion  of  t h e  feeds tock  and presence of  steam made l i t t l e  d i f f e r e n c e  t o  
t h e  y i e l d s  of BTX and e thylene .  
i n d u s t r i a l  e thylene  c r a c k e r s ,  where it reduces carbon laydown i n  t h e  r e a c t o r s  (9). 

The aromatic  and hydroaromatic components of  coal-der ived feeds tocks  a r e  
p o t e n t i a l  sources  of carbon laydown and steam would be  needed t o  reduce 
r e a c t o r  foul ing .  

Steam is used as a d i l u e n t  and c a r r i e r  i n  

The high e thylene  and moderate BTX y i e l d s  from t h e  gas  condensate  a r e  
commensurate wi th  its 56% p a r a f f i n  and 12% naphthene c o n t e n t  (see Table 1). 
This  w a s  confirmed by t h e  37% e thylene  and 7% BTX obta ined  from the  model 
p a r a f f i n ,  n-undecane ( s e e  F igure  4 ) .  

The model compound s t u d i e s  confirmed t h a t  t h e  molecular  s t r u c t u r e  Of t h e  
hydrogenated c o a l  e x t r a c t  is of paramount importance i n  determining the  product  
p a t t e r n :  hydroaromatics  dehydrogenate t o  a romat ics ,  which e i t h e r  surv ive  or  
polymerise t o  tars and,  e v e n t u a l l y ,  t o  carbon;  naphthenes c rack  p r i n c i p a l l y  t o  
BTX and e thylene ;  a l i p h a t i c s  mainly g ive  small u n s a t u r a t e s  such as e thylene  and 
butadiene.  The abnormally low y i e l d  o f  BTX from mesi ty lene  is a t t r i b u t e d  t o  
i t s  high symmetry and thermal  s t a b i l i t y .  

CONCLUSIONS 

The r e s u l t s  from t h e  thermal  c racking  of  unhydrogenated and hydrogenated 
coal-der ived materials, a gas  condensate  and model compounds l e d  t o  t h e  
conclusions t h a t :  

( i )  only low ( <  3.5%) BTX and e thylene  y i e l d s  were obta ined  by cracking  
t h e  vapours  from a bituminous c o a l ,  an an thracene  o i l  and t h e  
an thracene  o i l  e x t r a c t  of t h e  c o a l ;  

( i i)  t h e  BTX and e t h y l e n e  y i e l d s  increased  wi th  i n c r e a s i n g  e x t e n t  of 
hydrogenat ion of  t h e  e x t r a c t  (which increased  t h e  naphthene 
c o n t e n t ) ;  tar was mainly der ived  from t h e  aromatic  and hydro- 
aromatic  components; 

(iii) about 27% BTX and 24% ethylene  were obta ined  from t h e  h ighly  
hydrogenated c o a l  e x t r a c t ;  i n  comparison, a p a r a f f i n i c  North Sea 
gas  condensate  gave 16% BTX and 30% e t h y l e n e ;  

( i v )  t h e  product  y i e l d s  from mixtures  of  model compounds were pred ic ted  
t o  w i t h i n  *2% from t h o s e  of  t h e  c o n s t i t u e n t s .  
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I n t r o d u c t i o n  

An a n a l y s i s  o f  t h e  t e c h n i c a l ,  env i ronmenta l ,  and economic c o n s t r a i n t s  
t o  expanded development o f  t he  U.S. low-rank coa l  resource  i s  i n  progress.  
The pr imary o b j e c t i v e  o f  the  s tudy  i s  t o  propose a comprehensive na t i ona l  
R&D program focus ing  on technolooy development f o r  enhanced u t i l i z a t i o n  o f  
l i g n i t e  and subbituminous coa l .  U t i l i z a t i o n  o f  these f u e l s  has expanded 
r a p i d l y  i n  recent  years  and w i l l  c o n t i n u e  t o  expand i n  l i n e  w i t h  na t i ona l  
energy p r i o r i t i e s .  Th is  w i l l  r e q u i r e  t e c h n o l o q i c a l  improvements and develop- 
ments t o  so lve  unique problems assoc ia ted  w i t h  t h e  p h y s i c a l  and chemical 
p r o p e r t i e s  o f  low-rank coa ls .  These p r o p e r t i e s  i n c l u d e  h igh  mois tu re  conten t ,  
d ispersed a l k a l i n e  minera l  m a t t e r  c o n t e n t ,  h i g h  r e a c t i v i t y ,  and low s u l f u r  
con ten t .  The m a j o r i t y  o f  coa l  R&D programs i n  t h i s  c o u n t r y  a r e  o r i e n t e d  
towards bi tuminous coa l ,  which e x h i b i t s  s i g n i f i c a n t l y  d i f f e r e n t  behavior 
i n  most e x t r a c t i o n ,  combustion, and convers ion  processes. 

(GFETC), which has the  l ead  miss ion  w i t h i n  t h e  Department o f  Energy fo r  
technology " a p p l i c a t i o n s  f o r  low-rank c o a l s . "  
GFETC must: 

The study i s  b e i n g  d i r e c t e d  by t h e  Grand Forks Energy Technology Center 

To f u l f i l l  t h i s  assignment, 

1. I d e n t i f y  t he  p r o p e r t i e s  o f  low- rank  c o a l s  t h a t  a f f e c t  t he  
a p p l i c a b i l i t y  and economics o f  techno loq ies ;  

I d e n t i f y  R&D needs unique t o  low-rank c o a l s ,  and e s t a b l i s h  
p r i o r i t i e s  based on p o t e n t i a l  impact  on expanded develop- 
ment; and 

2. 

3. Ensure t h a t  DOE 'S  coa l  R&D programs address those needs. 

H i s t o r i c a ! l y ,  GFETC has focused on l i g n i t e  R&D, p r i m a r i l y  on Nor thern  Great 
P la ins  l i g n i t e .  Th i s  has i n c l u d e d  proqrams i n  coa l  combustion, p repara t ion ,  
1 i que fac t i on ,  g a s i f i c a t i o n ,  and environmental  c o n t r o l  techno loa ies .  
Center has a l s o  sponsored a b i e n n i a l  l i q n i t e  Symposium. designed t o  encourage 
t h e  t r a n s f e r  o f  low-rank coa l  technology d a t a  between government, i ndus t r y ,  
and academia (1,2). The present  s t u d y  was i n i t i a t e d  as a means t o  i d e n t i f y  
o t h e r  needed R&D areas assoc ia ted  wi th  t h e  whole spectrum o f  U.S. low-rank 
coals.  

major l i g n i t e  and subbi tuminous coa l  d e p o s i t s  i n  t h i s  count ry ,  and i n c l u d i n q  

The 

As a r e s u l t ,  t he  scope o f  t h e  s tudy  i s  broad, encompassing a l l  of the 
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some a t t e n t i o n  t o  pea t  as w e l l .  The t e c h n i c a l  a n a l y s i s  i nc ludes  assess- 
ment o f  resources; technologies,  f r o m  e x t r a c t i o n  th rough  f i n a l  u t i l i z a t i o n  
( i n c l u d i n g  environmental c o n t r o l  1; and r e g u l a t o r y ,  env i ronmenta l  impact, 
and market f a c t o r s .  
assessments p l u s  a rev iew  o f  c u r r e n t  R&D programs, cos ts ,  and impacts. 

The REO requi rements d e f i n i t i o n  w i l l  be based on these 

Study Approach 

The study aoproach i s  summarized i n  Table 1, which shows the e i g h t  
major tasks o r  areas o f  i n v e s t i g a t i o n .  
r e l a t i v e  emphasis be ing  p laced  on these va r ious  tasks ,  t he  percentage o f  
the t o t a l  c o n t r a c t  f u n d i n g  a l l o c a t e d  t o  each task  i s  i n d i c a t e d  on t h e  
t a b l e .  

As a rough i n d i c a t o r  o f  the 

The i n i t i a l  task,  l a b e l l e d  "Development Scenar ios, "  i nc ludes  a 
l i t e r a t u r e  review, d e f i n i t i o n  o f  key i ssues  and a n a l y t i c a l  methodologies, 
and establ ishment  o f  t he  s t u d y ' s  data base. I n  Task 2,  the U.S. low- 
rank coal  resources a r e  b e i n q  d e f i n e d  i n  terms o f  t h e i r  occurence, 
q u a n t i t y  , q u a l i t y  , c h a r a c t e r i s t i c s  , and p h y s i c a l  /chemi c a l  p r o p e r t i e s .  An 
e f f o r t  i s  be ing  made t o  c l a s s i f y  t h e  resources acco rd ing  t o  t h e i r  behavior  
i n  various u t i l i z a t i o n  processes, which i n f l u e n c e s  t h e i r  development po- 
t e n t i a l .  Th i s  e f f o r t  i s  c l o s e l y  t i e d  t o  Task 3, t h e  technoloay eva lua t i on .  
A comprehensive l i s t  o f  t echno log ies  a p p l i c a b l e  t o  low-rank c o a l s  i s  be ing  
evaluated t o  ensure t h a t  t he  r e s u l t i n g  D r e l i m i n a r y  RED "wish l i s t ' '  i s  as 
exhaustive as p o s s i b l e .  

Table 1 
Major  Tasks i n  t h e  Low-Rank Coal Study 

1. Low-Rank Coal Development 5. Envi ronmenta l  Impact Ana lys i s  (3Y) 
Scenarios ( 6 % )  5.1 Land Use/Reclamation 
1.1 L i t e r a t u r e  Review 5.2 A i r  Q u a l i t y  
1.2 Technology O e f i n i  t i o n s  5.3 Water Q u a l i t y  
1 .3 Re gu 1 a t  o ry/E n v i ronme n t a 1 / 5.4 E c o l o g i c a l  E f f e c t s  

1.4 Low-Rank Coal Data Base 

2.1 Occurrence 6.1 E x i s t i n g  Markets  and Pene t ra t i on  
2.2 P r o p e r t i e s / C h a r a c t e r i s t i c s  6 . 2  P o t e n t i a l  Markets 
2.3 C1 a s s i  f i c a t i o n  

3. Technology E v a l u a t i o n  (42%) 7. ROED Program Eva lua t i on  (11%) 
3.1 E x t r a c t i o n  7.1 D e f i n i t i o n  and P r i o r i t i e s  
3.2 T ranspor ta t i on  Systems 7 . 2  Review o f  Cur ren t  RDED Programs 
3.3 P repara t i on  and Storage 7.3 Cost  and Impact Ana lys i s  
3.4 Process ing and U t i l i z a t i o n  
3.5 Environmental Con t ro l  Technology 

4. Regulatory  Requirements/Con- 8. Task Force U t i l i z a t i o n  (204) 
s t r a i n t s  (4.;) 8.1 Development Scenarios Eva lua t i on  
4.1 D e f i n i t i o n  8.2 Technica l  A n a l y s i s  Eva lua t i on  
4.2 Roadmap 8.3 RD&D Program D e f i n i t i o n  
4.3 E f fec ts  on Development 8.4 RDED Program Impacts and 

Narket  D e f i n i t i o n s  5.5 Socio-Economic E f f e c t s  

2 .  Resource C h a r a c t e r i z a t i o n  (8';) 6. Marke t  A n a l y s i s  ( 6 4 )  

R e c o m n d a t i  ons 
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I n  a d d i t i o n  t o  these p u r e l y  t e c h n i c a l  c o n s i d e r a t i o n s ,  t h e r e  a re  
var ious s o c i a l ,  economic, and e n v i r o n v e n t a l  f a c t o r s  i n  the reg ions  con- 
t a i n i n g  low-rank coa ls  t h a t  w i l l  a f f e c t  t he  development o f  these resources. 
These factors  a re  the  s u b j e c t  o f  Tasks 4 ,  5 ,  and 6. Each o f  these analyses 
i s  be ing conducted on a r e g i o n a l  bas i s ,  w i t h  d e t a i l e d  c a l c u l a t i o n s  be ing  
made fo r  a few c a r e f u l l y  s e l e c t e d  examples, i n  c o n t r a s t  t o  t h e  more compre- 
hensive approach be ing  u t i l i z e d  i n  Tasks 2 and 3. 

a c t i v i t i e s  necessary t o  s t i m u l a t e  the  e f f e c t i v e  development and u t i l i z a t i o n  
of low-rank coals  i n  t h i s  coun t ry .  Th i s  w i l l  be done i n  l i g h t  o f  the p resen t  
r e l a t e d  governmental and i n d u s t r i a l  research  and development e f f o r t s ,  and 
w i l l  i n c l u d e  a p r e l i m i n a r y  a n a l y s i s  o f  c o s t s  and impacts o f  t h e  proposed 
program. The p r a c t i c a l  d i f f i c u l t i e s  o f  e v a l u a t i n g  and rank ing  R&D p r o j e c t s ,  
even when the most r i g o r o u s  d e c i s i o n l a n a l y t i c a l  techniques a r e  used, a re  
g rea t  b u t  do n o t  d i m i n i s h  the need f o r  t h i s  t yoe  o f  exe rc i se .  

Because o f  t he  scope and d i f f i c u l t y  o f  t h e  e f f o r t ,  we have e n l i s t e d  
a task fo rce  o f  recognized exper t s  on t h e  t e c h n i c a l  and r e p i o n a l  issues 
germane t o  the s tudy t o  meet w i t h  the  s tudy  team a t  f o u r  c r i t i c a l  p o i n t s .  
A t  the p e r i o d i c  formal  rev iew meetings, i n t e r i m  r e s u l t s  a r e  d iscussed and 
dec is ions are made r e a a r d i n g  emphasis, p r i o r i t i e s ,  and methodologies f o r  
t he  ana lys i s .  I n  p a r t i c u l a r ,  t h e  task f o r c e  w i l l  p a r t i c i p a t e  a c t i v e l y  i n  
the  development o f  R&D recommendations. Th is  t a s k  f o r c e  u t i l i z a t i o n  e f f o r t  
i s  l i s t e d  on Table 1 as Task 8. 

I n  Task 7, we w i l l  d e f i n e  and e s t a b l i s h  p r i o r i t i e s  f o r  t h e  R&D 

The schedule f o r  the s tudy i s  June 1979 through June 1980, and i s  such 
t h a t  p r e l i m i n a r y  R&D recommendations w i l l  be i n  the  f o r m u l a t i o n  s tage a t  the 
t ime o f  the American Chemical Soc ie ty  mee t ing  i n  l a t e  March. The authors 
expect t o  summarize some o f  t he  key conc lus ions  and recommendations o f  t he  
study a t  t h a t  t ime.  I t i s  n o t  p o s s i b l e  t o  do so i n  t h i s  p r e p r i n t  because 
t h e  work i s  i n  progress.  Therefore,  t h e  remainder o f  t h i s  paper p rov ides  
some p r e l i m i n a r y  f i n d i n g s  and background i n f o r m a t i o n  on some o f  the  s tudy 
areas. 

Occurrence and Proper t i es  o f  Low-Rank Coals 

The l o c a t i o n s  o f  the major l i g n i t e  and subbituminous coa l  deposi ts  i n  
t h e  U.S. a re  shown i n  F i g u r e  1,  and the  magnitude o f  t h e  resources conta ined 
i n  the l a r g e s t  low-rank c o a l - b e a r i n g  reg ions  i s  i n d i c a t e d  i n  Table 2. The 
two major l i g n i t e - b e a r i n g  areas a r e  the  F o r t  Union Region and the  G u l f  Coast 
L i g n i t e  Region, w i t h  the  predominant sur face-minable reserves be ing  i n  t h e  
s ta tes  o f  Nor th Dakota, Montana, and Texas. The l a r g e s t  subbituminous coa l  
deposi ts  a re  i n  the  Powder R ive r  Reqion o f  Montana and Wyoming, t he  San Juan 
Basin o f  New Mexico, and i n  Nor the rn  Alaska. Whether one cons ide rs  the t o t a l  
i d e n t i f i e d  resources (ove r  one t r i l l i o n  t o n s )  o r  j u s t  t h e  s t r i p p a b l e  reserve 
base (over  100 b i l l i o n  t o n s ) ,  t he  p o t e n t i a l  supp ly  o f  energy f rom . low-rank 
coals  i s  enormous. 
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Figure 1 
United States Low-Rank Coal Resources 
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Table 2 
Ma jo r  U n i t e d  S t a t e s  Low-Rank Coal Regions 

I d e n t i f i e d  
Predominant Resources, 

Reqion Coal Rank B i l l i o n  Shor t  Tons 

F o r t  Union Region L i g n i t e  465.3 
Powder R i v e r  Region Subbituminous 238.1 
San Juan Basin Subbituminous 50.6 
Nor thern Alaska Subbituminous 100.9 
Gulf Coast L i g n i t e  L i g n i t e  68.3 
Others (see F iq.  1 )  Subbituminous, 165.2 

Sources: References 3-9 

some L i g n i t e  
1,088.4 

S tri ppabl e 
Reserve Base, 
B i l l i o n  Shor t  Tons 

31.9 
57.5 

1.8 
5.0 

11.6 
0.9 

108.7 

- 

The d i s t i n g u i s h i n g  p r o p e r t i e s  o f  low-rank coa ls  a r e  d e r i v e d  f rom t h e i r  
fundamental ,composit ion. 
t i n c t i v e  and chemica l l y  d i f f e r e n t  o r g a n i c  m a t e r i a l s  (macera ls)  and i n o r g a n i c  
ma te r ia l s  (m ine ra l s ) .  
degree t o  which geo log ic  a1 t e r a t i o n  processes (metamorphism) have af fected the 
p roper t i es  o f  t he  o rgan ic  substances. I n  t h i s  sense, rank c l a s s i f i c a t i o n  i s  
independent o f  i n o r g a n i c  con ten t ;  neve r the less ,  U.S. low-rank coa ls  do e x h i b i t  
c h a r a c t e r i s t i c  d i f f e r e n c e s  f rom h igh - rank  c o a l s  i n  t h e i r  minera l  m a t t e r  con ten t  
and the re fo re  i n  t h e i r  ash p r o p e r t i e s .  This  i s  a p p a r e n t l y  a c o i n c i d e n t a l  o r  
i n d i r e c t  r e l a t i o n s h i p  caused by t h e  r e s p e c t i v e  geo log ic  ages and aeographic 
l oca t i ons  o f  t he  U.S. low-rank coa ls  and h igh - rank  coa ls  ( 1 0 , l l ) .  

coals  are summarized i n  Table 3 .  
samples o f  e s s e n t i a l l y  pu re  v i t r i n i t e ,  which i s  t h e  predominant maceral i n  U.S .  
coals  (10 ) .  
h a v i o r  i n  e x t r a c t i o n ,  u t i l i z a t i o n ,  o r  convers ion processes; t he  most n o t i c e a b l e  
p roper t i es  are t h e  h i g h  i n h e r e n t  m o i s t u r e  and oxygen con ten ts  o f  low-rank coa l  
macerals, and t h e i r  corresponding l ow  h e a t i n g  values. 

res idue l e f t  a f t e r  complete i n c i n e r a t i o n  o f  t h e  combust ib le  c o n s t i t u e n t s .  
ash compounds a re  r e p o r t e d  as ox ides ;  however, t hey  may a c t u a l l y  occu r  as a 
m ix tu re  o f  s i l i c a t e s ,  ox ides,  and s u l f a t e s  (11) .  Due t o  the wide v a r i a t i o n s  
i n  coal ash composi t ion,  t he  da ta  a r e  presented as ranges. A n o t a b l e  t r e n d  
i s  the h i g h e r  p r o p o r t i o n  o f  t h e  a l k a l i  components CaO, NgO, and Na20 i n  low- 
rank coals .  The a c i d i c  components Si02 and A1203 a r e  more prominent  i n  t h e  
h ighe r  rank coa ls .  The g e n e r a l l y  h i g h e r  p r o p o r t i o n s  o f  SO3 i n  low-rank coa l  
ash r e f l e c t  t he  h i g h  r e t e n t i o n  o f  coa l  s u l f u r  by the  a l k a l i n e  ash, which 
averages 78% f o r  l i g n i t e s ,  26% f o r  subbituminous coa l ,  and 10% f o r  t h e  gen- 
e r a l l y  h ighe r  s u l f u r  b i tuminous c o a l s  (11). 

Coals a r e  complex aggrega t ions  o f  p h y s i c a l l y  d i s -  

S t r i c t l y  speaking, t h e  rank o f  coa l  expresses o n l y  t h e  

Some impor tan t  p r o p e r t i e s  o f  t h e  o r g a n i c  and i n o r g a n i c  f r a c t i o n s  of U.S. 
The da ta  on o r g a n i c  con ten t  are based on 

A l l  o f  t he  p r o p e r t i e s  l i s t e d  have an impact  on the c o a l ' s  be- 

The data on m ine ra l  m a t t e r  c o n t e n t  a re  r e p o r t e d  as ash, which i s  t h e  
The 
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Table 3 
Selected Analyses 3’; U.S.  Coals of Different Ranks 

Organic Content 
(V i t r in i t e  Samples) Lignite Subbituminous Bituminous Anthracite 

< j  _ _  Moisture Capacity, W t . %  <O 25 I U  
Carbon, Wt . Z  DMMF* 69 74.6 83 94 
Hydrogen, W t . %  OMMF 5.0 5.1 5.5 3.0 
Oxygen, Wt.% DMMF 24 18.5 10 2 .5  
Vol. Mat., Wt.:! OElMF 53 48 38 6 
Aromatic C/Total C 0.7 0.78 0.84 1 .o 
Density (He, g/cc) 1.43 1.39 1.30 1.5 
Grindabil i t y  (Hardgrove) 48 51 61 40 
Btu/l b ,  OMMF 11,600 12,700 14.700 15,200 

Inorganic Content 
(Weight % of Total ASTM Ash) 

A1 kal i 

6-40 
4-26 
1-34 

.O- .8 

.o-1 
1 2 . 4 - 5 2  
2.8-14 
.2 -28  
. l -1 .3  
8.3-32 

17-58 
4-35 
3-1 9 

.6-2 

.O-3 
2.2-52 

.5-8 

3.0-16 

7-68 
4-39 
2-44 

.5-4 

.O-3 

.7-36 

. l -4 

.2-3 

.2-4 

.l-32 

48-68 
25-44 
2-10 
1-2  

.l -4 

.2-4 

.2-1 

0.1-1 

*Dry. mineral -matter-free bas i s .  

Sources: References 10 a n d  11 

These mineral matter proper t ies  of U.S. low-rank coals have wide-ranging 
e f f ec t s ,  such as :  
high sodium content;  2 )  high f l y  ash r e s i s t i v i t y ,  thus r e l a t ive ly  poor ESP 
performance; 3)  unique opportunities f o r  su l fu r  removal, such as ash-alkali 
wet scrubbing, dry scrubbing, and ash rec i rcu la t ion  in f lu id  bed combustors; 
and 4 )  ca t a ly t i c  e f fec ts  on ce r t a in  reac t ions  such as coal hydrogenation 
( l iquefac t ion) .  

low su l fu r  content,  as shown in  Table 4. 
from a dry to  an as-mined bas i s ,  about 90 percent of the reserve base of U.S. 
low-rank coal i s  shown t o  have l e s s  than one percent su l fu r  (13).  

1 )  high fouling r a t e s  on boi le r  tubes, primarily linked t o  

One additional cha rac t e r i s t i c  of U.S. low-rank coal i s  i t s  typ ica l ly  
When these percentages a re  converted 
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Table 4 
D i s t r i b u t i o n  o f  U . S .  Low-Rank Coal Reserve Base by  S u l f u r  Content 

Su l fu r  Content, 
Z (Dry Basis)  1.0 o r  Less 1.1-1.8 1.8-3.0 Over 3.0 Total 
Sub b i tumi nous 89.5 8.1 2.0 0.4 100.0 
L i g n i t e  40.7 33.4 23.4 2.5 100.0 

Source: Reference 12 

U t i l i z a t i o n  and Processes 

Present use o f  low-rank coa l  i s  concen t ra ted  i n  e l e c t r i c  u t i l i t y  steam 
generat ing u n i t s  f e d  by sur face-mined coa l .  Th i s  convent ional  a p p l i c a t i o n  
o f  the resource i s  e x p e r i e n c i n g  r a p i d  change. 
d i c a t e ,  e x i s t i n g  smal l  s t o k e r  and c y c l o n e - f i r e d  u n i t s  have g iven way t o  very 
l a r g e  p u l v e r i z e d - c o a l - f i r e d ,  d r y  bo t tom furnaces. A l l  o f  t he  new p l a n t s  w i l l  
i nco rpo ra te  SO2 removal systems as mandated by the  r e c e n t l y  i ssued  New Source 
Performance Standards (see F i g u r e  2 ) .  The same r e g u l a t i o n  a l s o  r e q u i r e s  
h i g h l y  e f f e c t i v e  p a r t i c u l a t e  removal systems, and combustion system modi- 
f i c a t i o n s  t o  meet NOx emiss ion  l i m i t s ,  i n  a l l  new o r  m o d i f i e d  e l e c t r i c  
u t i l i t y  steam genera t i ng  u n i t s  l a r g e r  than about 25 MWe (250 m i l l i o n  
B tu /h r .  i n p u t ) .  

As the  data i n  Table 5 i n -  

The dominat ing near - te rm R&D issues f o r  low-rank coa ls  r e v o l v e  around 
the  environmental c o n t r o l  t echno log ies  t h a t  a re  be ing  developed t o  meet these 
requirements. 
requi rement  shown i n  F i g u r e  2 (which t r a n s l a t e s  t o  a 70% removal requi rement  
f o r  the m a j o r i t y  o f  low-rank c o a l s )  was i n s t i t u t e d  f o r  the express purpose o f  
encouraging the  f u r t h e r  development o f  d r y  sc rubb ing  techniques f o r  low- and 
medium-sulfur coa ls  (14) .  
scrubbing p lus the  use o f  baghouses f o r  p a r t i c u l a t e  removal has a number of 
apparent advantapes ove r  t o d a y ' s  wet scrubber/ESP systems, and appears t o  be 
s t r o n g l y  encouraged by t h e  NSPS. 
w i t h  such systems p rov ides  ample o p p o r t u n i t y  f o r  w e l l - d i r e c t e d  R&D. 
scrubbers ( p a r t i c u l a r l y  a s h - a l k a l i  systems f o r  low-rank c o a l s )  and e l e c t r o -  
s t a t i c  p r e c i p i t a t o r s  (combined w i t h  novel c o n d i t i o n i n g  o r  removal dev ices)  
w i l l  bo th  con t inue  t o  have a p p l i c a t i o n s  f o r  s p e c i f i c  coa ls ;  however, many 
problems r e l a t i n g  t o  enhanced removal e f f i c i e n c i e s ,  s ludge d i sposa l ,  s u l f a t e  
and s u l f u r i c  a c i d  m i s t  c a r r y o v e r ,  and t r a c e  element emissions, remain t o  be 
solved. 
f o r  NOx c o n t r o l  a l s o  need RED. F i n a l l y ,  t he  task  o f  i n t e g r a t i n g  the s tudy of 
these i n t e r r e l a t e d  problems and o p p o r t u n i t i e s  through a systems eng ineer ing  
approach i s  j u s t  beginn ing,  f o r  example i n  t h e  E P R I  Arapahoe program (15) .  

i n  burn ing l i g n i t e s  and subbi tuminous c o a l s .  
f i e d  a s  t he  most i m p o r t a n t  o f  a number o f  f a c t o r s  t h a t  c o n t r i b u t e  t o  the  
f o u l i n g  problem. 
i nc lude :  
e x i t  temperature; 2 )  r e s t r i c t i o n s  on the  sodium l e v e l  i n  the coa l  by s e l e c t i v e  
mining, b lend ing  and upgrading,  3 )  the use o f  a d d i t i v e s ;  and 4 )  p o s s i b l y  the 
use o f  o v e r f i r e  a i r  w i t h  f u e l - r i c h  burners (16 ) .  

I n  the a rea  o f  SO2 c o n t r o l ,  the v a r i a b l e  percentage removal 

The combined s tack  gas c l e a n i n g  s t r a t e g y  o f  d r y  SO2 

However, t he  l ack  o f  o p e r a t i o n a l  exper ience 
Wet 

P o t e n t i a l  o p e r a t i n g  problems assoc ia ted  w i t h  combustion m o d i f i c a t i o n s  

Ash f o u l i n g  o f  b o i l e r  tubes cont inues t o  be a major  problem encountered 
Sodium con ten t  has been i d e n t i -  

The p o s s i b l e  c o n t r o l  methods t o  decrease chances o f  f o u l i n g  
1 )  b o i l e r  des igns i n v o l v i n g  low volume hea t  r e l e a s e  and low furnace 
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Tab le  5 
U.S. Low-Aank C o a l - F i r e d  E l e c t r i c  Power P l a n t s  

Fue 1 L i g n i t e  
L o c a t i o n  

- -  No. P i a n t s ,  Capaci ty - 
Operat ing  P lan ts  (1979) 19 

Furnace: PC 8 
S toker  7 
Cyclone 4 
Unknown 

Limes tone 5 
A s h - A l k a l i  2 
Spray Dryer  2 

ESP 16 
Baghouse 
Mechanical 5 
Unknown 7 

Wet Scrubber: 

P a r t i c u l a t e  Removal: 

P l a n t s  Under C o n s t r u c t i o n  
and Announced 6 
Furnace: PC 6 

S toker  
Cyclone 
Unknown 

Limestone 
Ash-A1 k a l  i 
Spray Dryer  

P a r t i c u l a t e  Removal : 
ESP 
Baghouse 
Mechanical 
Unknown, ECT 

Wet Scrubber: 

3.357 
1,614 

205 
1,538 - -  
1,720 

670 
71 6 

3,329 

210 
72 

1,947 
1.997 

1,050 

1,100 
a80 

- -  

- _  
- -  

- -  

- -  
- -  
- -  
410 

11 
11 

5 

11 
2 

18 
9 

9 

8 

9 

14 

5,660 
5,660 - -  
- -  - -  

3,575 - -  
- -  

5,660 
1,150 - -  
- -  

10,390 
5,175 - -  
- -  

5,215 

4,600 - -  - -  
5.175 - -  
- -  

8,675 

Subbituminous Coal 
West Midwest 

No. MWe No. __ MWe 
- 
- -  
20 
20 

12 

17 

2 

5 
4 

1 

1 

2 
1 

2 

7,389 79 
7.389 58 

9 
7 
5 

3,783 10 
4 

- -  
- -  
- -  

- -  
- -  - 

7,192 48 

230 21 
5 

1,349 34 
1,249 2 

6 
100 1 

25 

1 
- -  5 
330 - 
450 - 
350 - 

3 
589 31 

a - -  
- -  

- -  
- -  
- -  

- -  

1 n ,627 
6,705 

97 
1,265 
2,560 

3,477 
2,116 - -  
7,131 
1,788 

518 
1.929 

15,372 
1.100 

107 
200 

13,004 

800 
3,100 - -  
- -  
- -  

18 
15,934 

Numerous advanced t e c h n o l o g i e s  a r e  b e i n g  pursued i n  a wide range o f  
government and i n d u s t r y  R&D programs. 
t r i b u t e  t o  enhanced u t i l i z a t i o n  o f  low-rank c o a l s  i n  the  f u t u r e .  
o f  the abundant t h i c k ,  deep coal  seams i n  the  western U.S. w i l l  e v e n t u a l l y  be 
pursued. A v a r i e t y  o f  techniques, i n c l u d i n g  advanced longwal l  and i n  s i t u  
conversion systems (such as underground coa l  g a s i f i c a t i o n ) ,  a r e  c u r r e n t l y  
be ing  researched. 

a p p l i e d  t o  U.S. low-rank coa ls  because o f  c o s t  c o n s i d e r a t i o n s  and the  r e l a -  
t i v e l y  low ash c o n t e n t  o f  t he  c o a l s .  
i n  low-rank c o a l s  tends t o  be h i g h l y  d i s p e r s e d  and/or o r g a n i c a l l y  bound means 
t h a t  t y p i c a l l y  o n l y  15-30% o f  t h e  m i n e r a l  m a t t e r  i s  separable i n  a carbon 
t e t r a c h l o r i d e  f l o a t - s i n k  s e p a r a t i o n  ( 1 7 ) .  
mo is tu re  c o n t e n t  which i s  a l s o  bound i n  t h e  coa l  s t r u c t u r e .  Upon d r y i n g ,  the  

Many o f  these techno log ies  w i l l  con- 
E x t r a c t i o n  

Coal c l e a n i n g  and p r e p a r a t i o n  techniques have h i s t o r i c a l l y  n o t  been 

The f a c t  t h a t  most o f  t he  minera l  m a t t e r  

L i g n i t e  i s  c h a r a c t e r i z e d  by h i g h  
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1 s t r u c t u r e  o f  low-rank coa l  tends t o  change and t o  produce s m a l l e r ,  
p a r t i c l e s  which may be e i t h e r  h i g h l y  o x i d i z e d  (when a i r - d r i e d )  o r  h i g h l y  re -  
a c t i v e  (when i n e r t - d r i e d )  ( 1 8 ) .  Never the less ,  w i d e r  geographic m a r k e t a b i l i t y  
and improved o v e r - a l l  process economics c o u l d  p o t e n t i a l l y  be achieved if 
e n e r g y - e f f i c i e n t  techniques f o r  s e l e c t i v e  removal o f  m o i s t u r e  o r  minera l  mat- 
t e r  were devel oped. 

f r i a b l e  1 

\ 

) 

I 

Flu id ized-bed combust ion (FBC) systems a r e  r e c e i v i n g  major  emphasis as 
the  p o t e n t i a l  n e x t  g e n e r a t i o n  o f  i n d u s t r y ,  and p o s s i b l y  u t i l i t y ,  b o i l e r s .  
most a l l  major p r o j e c t s  a re  u t i l i z i n g  b i tuminous  c o a l .  
good apparent f i t  w i t h  low-rank c o a l s  because o f  t h e i r  i n h e r e n t  s u l f u r  ab- 
s o r p t i o n  c a p a b i l i t y .  
i n g  i n  Texas, which has a h i g h  c o n c e n t r a t i o n  o f  i n d u s t r y  f u e l  users jux taposed 
wi th  la rge  l i g n i t e  d e p o s i t s .  Some o f  t he  FBC research  needs s p e c i f i c  t o  low- 
rank coals i n c l u d e  s e l e c t i o n  o f  bed m a t e r i a l s ,  use o f  ash r e c y c l e ,  c o n t r o l  o f  
ash agglomerat ion,  and p o s s i b l e  c o r r o s i o n / e r o s i o n  problems. 

I n  the  h i g h l y  v i s i b l e  s y n f u e l s  area, none o f  t he  major  deve lop ing  U.S. 
processes f o r  1 i q u e f a c t i o n  o r  g a s i f i c a t i o n  appears t o  be o p t i m i z e d  o r  t a i l o r e d  
t o  t h e  unique p r o p e r t i e s  o f  low-rank coa ls ,  w i t h  the  p o s s i b l e  except ion  of t h e  
CO Acceptor g a s i f i c a t i o n  process. Low-rank c o a l s  a r e  w e l l  s u i t e d  f o r  f i x e d -  
be8 g a s i f i c a t i o n  because t h e y  do n o t  agglomerate o r  cake when heated. 
h igh  i n h e r e n t  mo is tu re  c o n t e n t  o f  low-rank coa l  has a v a r i e t y  o f  e f f e c t s  on 
g a s i f i c a t i o n  processes. 
i s  recovered. 
p r e - d r y i n g  o f  t he  coa l  can produce an excess ive  amount o f  f i n e s  which cannot 
be inc luded i n  feed f o r  f i x e d - b e d  r e a c t o r s .  Large volumes o f  gas l i q u o r  may 
be produced, a f f e c t i n g  waste water  t r e a t m e n t  requirements.  
p l u s  the  r e a c t i v e  n a t u r e  o f  low-rank coa ls  and t h e  presence o f  c a t a l y t i c a l l y  
a c t i v e  minera l  m a t t e r ,  j u s t i f y  the  need f o r  development o f  low-rank coa l  spe- 
c i f i c  processes (19 ) .  

Coal l i q u e f a c t i o n  processes a l s o  need t o  be adapted t o  spec ia l  problems 
posed by low-rank coa ls .  
oxygen) a f f e c t s  l i q u e f a c t i o n  chemis t ry .  
carbon monoxide p r o v i d i n g  t h e  b a s i s  f o r  development o f  processes u s i n g  syn thes is  
gas i ns tead  o f  more expensive hydrogen. 
pressure.  
c o l l a p s e  o f  t he  pore s t r u c t u r e  (20 ) .  The spec ia l  forms o f  low-rank coal  minera l  
m a t t e r  may c a t a l y z e  l i q u e f a c t i o n  r e a c t i o n s ;  t h e y  can a l s o  l e a d  t o  f o r m a t i o n  
o f  ca lc ium carbonate d e p o s i t s  i n  the  r e a c t o r s .  V i s c o s i t y  o f  t h e  d i s t i l l a t i o n  
bottoms i s  h i g h e r  f o r  low-rank coa ls ,  which a f f e c t s  process des ign  and opera- 
b i l i t y  (21) .  A l l  o f  these f a c t o r s  a f f e c t  t he  o p t i m i z a t i o n  o f  r e c y c l e  s o l v e n t  
composi t ion and produc t  s e p a r a t i o n  techniques, which a r e  i m p o r t a n t  research  
areas f o r  l i q u e f a c t i o n  processes i n  genera l .  

A l -  
The technology has a 

A p a r t i c u l a r l y  p romis ing  market appears t o  be develop- 

The 

P l a n t  water  requ i rements  may be lower  i f  coa l  mo is tu re  
High m o i s t u r e ,  however, can cause heat  balance problems and 

These f a c t o r s ,  

The h i g h  c o n t e n t  o f  f u n c t i o n a l  groups ( p a r t i c u l a r l y  
Low-rank c o a l s  r e a c t  v e r y  r a p i d l y  w i t h  

H igh  m o i s t u r e  c o n t e n t  adds t o  r e a c t o r  
D r y i n g  can d e a c t i v a t e  the  coa l  because o f  s u r f a c e  o x i d a t i o n  and 
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CURRENT RESEARCH ON THE INORGANIC CONSTITUENTS 
I N  NORTH DAKOTA LIGNITES AND SOME 

EFFECTS O N  U T I L I Z A T I O N  

D. K .  Rindt ,  F. R .  Karner,  W. Becker ing,  and H.  H. Schobert  

Grand Forks Energy Technology Center  
U.S. Department o f  Energy  
Box 8213 U n i v e r s i t y  Stat ion 

Grand Forks,  N D  58202 

In t roduc t ion  

Al though coal i s  o f ten  considered t o  b e  s imply  a n  organic  rock,  most coals 
contain appreciable quant i t ies  o f  inorganic  materials. With t h e  resurgence o f  
in te res t  in coal u t i l izat ion and conversion processes in recent  years has come an 
increased appreciat ion f o r  t h e  need t o  unders tand b o t h  t h e  mineralogical character- 
ist ics and t h e  chemical behavior of t h e  inorganic  const i tuents  o f  coal. T h e  recent 
coal l i t e ra tu re  contains numerous discussions o f  t h e  importance o f  knowing t h e  
character, d is t r ibu t ion ,  and behavior o f  t h e  inorganic  species; these discussions 
span the whole spectrum o f  coal technology--  p repara t ion  and storage, combustion, 
l iquefaction, gasif icat ion, and environmental studies. 

T h i s  paper discusses resu l ts  o f  labora tory  s tud ies o n  t h e  characterization of 
inorganic  const i tuents  in low-rank coals a n d  o n  elucidation o f  t h e  ro le  o f  these 
const i tuents  in combustion a n d  conversion processes. T h e  laboratory  studies were 
undertaken in suppor t  o f  p i l o t  p l a n t  act iv i t ies  a t  t h e  Grand Forks  Energy 
Technology Center (GFETC) o f  t h e  U.S. Department o f  Energy .  Engineering and 
process-related detai ls o f  t h e  var ious pro jects  have appeared in prev ious  publ i -  
cations, which are  noted in t h e  reference section. 

Inorganic  Const i tuents  in L ign i te  

Samples f rom t w o  major l i gn i te  mines in western N o r t h  Dakota were obtained 
(4)  a n d  s tud ied  by polarized light microscopy, x - r a y  d i f f rac t i on ,  scanning electron 
microscopy, a n d  e lect ron microprobe analysis. T h e  in i t ia l  resu l ts  o f  t h e  laboratory  
studies of  these two samples show t h a t  t h e  inorganic  const i tuents  occur  as minerals 
o r  combined w i th  organic  substances; a r e  closely re la ted in o r i g i n  to  t h e  
overburden a n d  underclay;  and i l l us t ra te  p a r t  o f  a complex series o f  events in t h e  
geochemical evolut ion o f  t h e  l ign i tes.  While t h e  systematic var ia t ions tha t  are 
presented are  bel ieved t o  b e  s ign i f icant ,  t h e y  a r e  n o t  claimed t o  b e  necessarily 
representat ive a t  t h i s  po in t  in t h e  s t u d y .  

The abundant l i gn i te  in Nor th  Dakota - i s  contained in t h e  u p p e r  p a r t  of the  
For t  Union g r o u p  w i th in  t h e  Bul l ion Creek formation and t h e  o v e r l y i n g  Sentinel 
B u t t e  formation. Recent summaries o f  t h e  general geology o f  t h e  l ignite-bearing 
rocks in western N o r t h  Dakota are  avai lable (1-3). 

Lignite, l i gn i te  overburden,  a n d  underc lay  were col lected f rom measured, 
ver t ica l  sections o n  t h e  h ighwal ls  a t  t h e  South Beulah mine, Beulah, and the  
Baukol-Noonan mine, Center (4). B o t h  mines produce l ign i tes f r o m  t h e  Sentinel 
B u t t e  Formation w i t h  major p roduc t ion  f rom t h e  3.8 m Beulah-Zap bed a t  South 
Beulah and t h e  3.5 m Hagel bed a t  Baukol-Noonan. Inorganic  const i tuents  in the  
two l ign i tes a r e  similar and conta in  de t r i t a l  and auth igenic  minerals, l isted in 
Table 1 and i l l us t ra ted  in F igure  1, as well  as organica l ly  bound materials. The 
b u l k  chemistry of overburden,  l ignite, and i inderc lsy  has been obtained by a rap id  
microprobe method. 
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A t  t h e  South Beulah mine, f o u r  samples o f  overburden above t h e  Beulah-Zap 
b e d  consist la rge ly  o f  c layey s i l t  g rad ing  downward  t o  organic- r ich clay. I l l i te, 
quar tz ,  and montmori l lonite a re  t h e  major minerals and kaol inite, chlori te, plagio- 
clase, and mica a r e  present  in lesser amounts. Calc i te  is present in t h e  uppermost 
sample while dolomite occurs in t h e  o ther  t h r e e  samples; b o t h  decrease in abundance 
downwards. T h e  Beulah underc lay  conta ins major i l l i te ,  kaol inite, and q u a r t z  and 
lesser montmori l lonite and calcite. 

TABLE 1. - Minerals Identified i n  Two North Dakota Lignites 

Common (in approximate 
order of abundance) 

Kaolinite 
Quartz 
Pyrite 
Gypsum 
Calcite 
Hematite 
Na Plagioclase 
Alkali Feldspar? 
Chlorite? 
Hornblende 
Augite? 
Illite? 
Biotite? 

Rare or uncertain 

Montmorillonite? 
Dolomite? 
Barite 
Ens ta t ite 
Corundum 
Ca, Mg Aluminosilicate? 
Ca, Na Aluminosilicate? 

T h e  twelve samples o f  overburden and t h e  sample of underclay f r o m  the  
Baukol-Noonan mine a r e  mineralogical ly similar t o  t h e  Beulah samples. T h e  lower 
p a r t  o f  t h e  overburden is  s i l t y  sand and t h e  u p p e r  par t ,  clays and s i l t y  clays. 
Overa l l  montmori l lonite i s  somewhat less abundant t h a n  a t  Beulah but i s  h igh ly  
variable. 

T h e  mineralogical and chemical studies combined w i t h  t h e  observat ion tha t  
l ignites a re  aqui fers  suggest t h a t  hydrogeochemical processes have s t rong ly  affected 
t h e  sodium and calcium d is t r ibu t ion  by removal o f  calcium by dissolut ion of  
carbonate minerals in t h e  lower p a r t  o f  t h e  overburden,  concentrat ion o f  sodium and 
calcium in t h e  centra l  p a r t s  of t h e  l i gn i te  seams, and increase in t h e  CaO/Na 0 
ra t i o  in t h e  u p p e r  p a r t s  o f  t h e  l ign i te  seams (5). Groundwater processes a&o 
appear t o  be a major fac to r  in ox idat ion and reduc t ion  reactions as suggested by 
su l f ide and su l fa te d i s t r i b u t i o n  in f r a c t u r e  zones a t  t h e  Baukol-Noonan mine (6). 
Pyr i te  development in f rac tu res  followed by g r o w t h  o f  small gypsum crys ta ls  o n  the  
p y r i t e  (F igure  1) indicates t h a t  groundwater car r ied  a n d  deposited i r o n  and su l fu r  
under  reducing condit ions, and car r ied  and deposited calcium a t  a la ter  stage under  
ox id iz ing condit ions. 

T h e  or ig ina l  de t r i t a l  minerals and organica l ly  bound inorganic  const i tuents  in 
l ign i te  have been s t r o n g l y  affected by hydrogeochemical processes in the  deposi- 
tional and post-deposit ional h i s t o r y  o f  l i gn i te  and t h e  associated sediments. 
C u r r e n t  laboratory  s tud ies emphasize cataloging a n d  character izat ion o f  inorganic  
const i tuents  in l ignite; establ ishment o f  mineralogical and chemical d is t r ibu t ion  
pat terns in overburden,  l ign i te ,  and underclay;  and evaluation o f  t h e  geochemical 
h is to ry  o f  t h e  l ign i te-bear ing sediments. 

211 



A B 

C D 

Figure 1. Scanning electron microscope photographs of  inorganic constituents 
in lignite-bearing strata. 
A.  Detrital quartz (?) in ion-etched Beulah lignite. 
B. Secondary pyrite with gypsum crystals on surface from fdcture zone in 

C. Secondary barite in fracture zone in Baukol-Noonan lignite. 
D. Montmorillonite in overburden at Beulah mine. 1400X. 

Sentinel Butte Formation, North Dakota. 
1540X. 

Baukol-Noonan lignite. 770X. 
270X. 
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Gasification 

T h e  inorganic const i tuents of l ign i te  can have several ef fects in gasification 
Processes. Numerous art ic les have appeared in the  recent  l i t e ra tu re  descr ib ing t h e  
catalysis of gasification reactions b y  var ious  inorganic species. Studies a t  GFETC 
have focused on  t h e  development o f  an unders tand ing  o f  t h e  relat ionship between 
coal ash slag composition and viscosi ty.  These studies have been done in  suppor t  
Of t he  s lagging f i xed-bed gasification p i l o t  p lan t  a t  GFETC. Details o f  t h e  pi lot  
Plant p ro jec t  have been g iven in a series o f  publ icat ions,  most recent ly b y  Ellman 
and co-workers (7). Maintaining slag v iscosi ty low enough t o  allow continuous 
discharge from t h e  gasi f ier  i s  c ruc ia l  t o  successful operation. 

D i rec t  measurement o f  slag v iscosi ty i s  a demanding operation, and few 
laboratories are equipped w i th  sui table h igh- tempera ture  viscometers. Therefore 
the  development o f  p red ic t i ve  o r  correlat ive techniques f o r  re la t ing  v iscosi ty t o  
composition is an important component o f  gasi f icat ion research. A previous 
publ icat ion (8) has demonstrated tha t  it is possible to  develop empirical equations 
which g i ve  a good fit o f  experimental v iscosi ty data p rov ided t h a t  t he  equations are 
developed for, and the i r  use res t r i c ted  to, slags of  a g iven  petrographic 
classification. 

T h e  pe t rograph ic  normat ive calculation (9) i s  a formation used to  calculate a 
set of standard,  o r  normative, mineral species, wh ich  t h e n  establishes t h e  types  of 
sil icate s t ruc tu res  to  b e  expected i n  t h e  slag. T h e  degree o f  polymerization of 
sil icate species has an important ro le  in determining v iscos i ty  behavior (IO). 

T h e  transformat ions invo lved in the  formation o f  slag f rom the  inorganic 
species in the  coal have been par t ia l l y  elucidated in laboratory studies o f  char  and 
slag samples obtained from the  gasi f ier  hear th  a f te r  a tes t  had been ended and the 
bed contents quenched. T h e  data presented here  were obtained from samples 
collected from a 1.4 MPa tes t  w i th  Indian Head l igni te.  Process data from th i s  test, 
number RA-12, have been publ ished (11). 

Discreet slag part ic les were found in samples collected 0.9 m above t h e  bottom 
o f  the  bed. and 53% S i 0  . 
T h i s  composition l ies in the  nepheline region o f  t he  &a 0 - A I  0 2-S%2 t e r n a r y  (I.$) 
and has a melting po in t  o f  approximately 1200OC. Thi< is $o?sistent w i th  typical  
temperatures of  about 126OOC observed 1.2 m above the  hear th  bottom. Samples 
collected a t  0.3 and 0.6 m were complex mix tu res  o f  sil icates and sulfates. Total 
melt ing occur red  in t h e  bottom-most 0.3 m of t h e  bed, where temperatures 
exceeding 1700°C have been observed. Some slag components a r e  volati l ized in t h i s  
region, par t i cu la r ly  s u l f u r  (approximately 80% i s  lost), sodium and potassium 
(30-35%), and phosphorus (25%). Smaller amounts o f  magnesium, calcium, and 
sil icon are  also volat i l ized. 

T h e  composition a t  t h i s  po in t  was 22% Na 0, 24% AI  0 

A t  0.1 to  0.3 m above the  hear th  bottom some reduc t ion  o f  i r o n  compounds to 
metallic i r o n  occurs.  Normally t he  i ron  metal d ra ins  w i th  t h e  slag and does not 
appear to  in te r fe re  w i th  slag f low. However, formation of  i r o n  metal removes a 
potential source of  FeO, which is considered to  b e  an excel lent  slag f l u x .  

T h e  viscosi ty behavior of t he  slag w i th  temperature wi l l  b e  determined b y  i t s  
composition; specifically, b y  the  relat ive amounts o f  polymer-forming const i tuents 
such as S i02  and A1203,and o f  polymer-breaking species such as Na 0 o r  CaO. 
The slag composition IS in turn determined b y  two fac to rs .  T h e  comJosition and 
na ture  o f  t he  inorganic const i tuents in the  l ign i te  feed broad ly  determines t h e  
relat ionships between polymer formers and polymer breakers.  The thermal and 
chemical environment established by the  gasification and combustion reactions in t h e  
gasi f ier  hear th  t h e n  " f ine tune"  t h e  slag composition t h r o u g h  such processes as 
volati l ization of  SO3 and Na20 and reduct ion o f  Fe203 to  FeO o r  metal. 
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Liquefaction 

T h e  p r o d u c t  d i s t r i bu t i on  f rom coal l iquefact ion wi l l  v a r y  between a heavy 
dist i l late,  a l i g h t  oil, and a gas depending on the  ex ten t  and method o f  treatment of  
t he  intermediate p roduc ts .  T h e  catalyt ic e f fec t  o f  na tura l l y  occur r ing  inorganic 
species and minerals on  t h e  conversion and p r o d u c t  y ie ld  i s  being investigated 
extensively w i th  Eastern coals and also w i th  low- rank  Western subbituminous and 
l i gn i t i c  coals. I n  general cer ta in  inorganic const i tuents of  Eastern coals have shown 
a sel f -catalyzing e f fec t  on the  l iquefact ion y ie ld.  H igh  yields have been achieved 
b y  adding py r i t e ,  magneti te p lus  py r i t e ,  s u l f u r  p lus  magnetite, and coal ash plus 
s u l f u r  t o  coals which i n i t i a l l y  gave a low yield.  

T h e  l igni tes in t h e  N o r t h e r n  Great Plains a re  dist inguished from the  higher 
r a n k  coals b y  hav ing  high moisture, lower su l fu r ,  and high inherent  ash content. 
Most of  the alkal i  and alkaline ea r th  cations ex is t  as humic acid o r  phenolic salts. 
These cations are ion exchangable and are un i fo rmly  d i s t r i bu ted  t h r o u g h o u t  a coal 
par t i c le .  T h e  major i t y  o f  t he  extraneous ash exists as small par t i c les  of  quartz, 
py r i t e ,  hematite, and clay.  In addi t ion l igni tes have a large amount o f  oxygen- 
containing funct ional  g roups .  These proper t ies  a f fec t  t he  l iquefact ion behavior of  
l ign i te  i n  terms o f  reac t iv i t y ,  p r o d u c t  qua l i t y ,  p r o d u c t  y ie ld,  catalyst  l i fe, and 
solid residue. 

T h e  role of  these un ique proper t ies  of  l ign i te  in l iquefact ion i s  being 
invest igated in a program a t  GFETC which seeks to  develop a chemical and 
engineer ing data base f o r  l iquefact ion of  l igni tes and subbituminous coals. The 
programmatic background and process engineer ing resu l ts  have been presented in a 
recent  paper by Willson and co-workers  (13). 

Some of t h e  parameters be ing  studied w i th  t h e  batch autoclave and continuous 
process unit a t  GFETC are  temperature, pressure,  residence time, s l u r r y  coal 
concentrate recycle, solvents, and mineral ef fects.  Extensive research on the  
effects of ind iv idua l  minerals on  t h e  p r o d u c t  y ie ld  has no t  been performed t h u s  f a r .  
However, a s ign i f i can t  increase in t h e  overal l  p r o d u c t  y ie ld  was observed when the  
reaction solids were recycled in the  continuous unit. In a recent run using a 
l ign i te  from t h e  Beulah mine in Mercer County,  ND, a deposit formed in the  feed 
s l u r r y  and was analyzed f o r  possible minerals and inorganics us ing  a polar iz ing 
light microscope and a scanning electron microscope (SEM). Calcium carbonate was 
in i t ia l ly  suspected as a main ingred ien t  in the  deposit. However, quar tz  was the  
on ly  mineral iden t i f ied  in the produc t .  A n  elemental analysis of  t h e  b u l k  p roduc t  
us ing  the  SEM resul ted in a composition no t  un l i ke  t h a t  o f  t he  ash in the  or ig inal  
coal. Analysis f o r  calcium by atomic absorpt ion also showed no preferent ia l  bu i ldup 
Of calcium. Thermogravimetr ic analysis indicated t h e  presence o f  some carbonates 
b u t  n o  par t i cu la r  cation could be associated w i th  t h e  carbonate. Other  workers in 
liquefaction have repor ted  calcium carbonate deposits when us ing  l igni tes b u t  thus 
fa r  n o  major accumulations have been observed a t  GFETC. T h e  implications of a 
low-level carbonate b u i l d u p  us ing  l ign i tes  should be fewer shut  downs caused b y  
carbonate plugging. 

Combustion 

Ash foul ing--  t he  b u i l d u p  of ash deposits on walls and heat exchange surfaces 
of boi lers--  i s  a major problem associated w i th  the  use of  l ign i te .  The causative 
effects of sodium content in the  fou l ing  behavior of  low-rank coals has been dis-  
cussed in p rev ious  publ icat ions (14-15). Some o f  the  c u r r e n t  labora tory  research 
a t  GFETC re la t ing  to  ash fou l ing  involves t h e  chemical and physical  characterization 
of ash deposits t o  develop a be t te r  unders tand ing  of  the  mechanisms involved in 
deposi t  formation and t o  pred ic t  fue l  add i t i ves  t o  control  fou l ing .  

A typical  p ro f i le  o f  an ash deposi t  formed in the  34 kg/hr, PC- f i red  p i lo t  p lant  
combustor a t  GFETC i s  shown in F igure  2 (16). T h e  deposit was collected on an 
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air-cooled probe maintained a t  54OOC. X - r a y  d i f f rac t ion  studies have shown that 
sulfates, mainly Na2S04 and CaSO predominate near the  probe ,and in t h e  inner 
s in te r  layer.  T h e  sulfates are  preqent on the  surfaces o f  t he  ash part ic les and in 
the  i nne r  whi te layer immediately s u r r o u n d i n g  the  probe. T h e  melt and reaction of  
these surface sulfates to form an intermediate Na Ca(S0 ) eutect ic has been 
proposed (18,19). F igure  3 i l l us t ra tes  the  particle-to-$articlc? &onding which occurs 
upon the  melt and react ion o f  t he  var ious  sul fates (16). 

A second mechanism invo lv ing  sodium has been observed: t he  i i u x i n g  action 
of  sodium w i th  aluminosil icate (presumably kaol in i t ic  c lay) mineral assemblages. 
Volati l ized sodium i s  believed t o  react w i th  kaolin part ic les in the  combustion zone 
t o  fo rm low-melting (900-llOO°C) sodium aluminum sil icate compounds. These 
species react w i th  + y e  qy l ten  sul fates in the  deposit t o  form complex melilites 
(Na,Ca,K) [(Mg,Fe ,Fe ,Al,Si) 0 1 .  X - r a y  d i f f rac t ion  studies o f  deposits from 
the  GFETZ combustor have s h o w 2  thzt melil i te formation increases as the  distance 
from the  probe increases (16). 

T h e  physical  s t r e n g t h  o f  t he  deposi ts has been observed t o  increase as a 
resu l t  of cont inued exposure to  SO and SO3 a t  h i g h  temperatures. This 
phenomenon is re fe r red  to  as t h e  sulfa?ing process. X s r a y  d i f f rac t ion  analysis o f  
deposits obtained f rom the  Hoot Lake Power Company, Fergus Falls, Minnesota, has 
shown tha t  more a n h y d r i t e  was present  than melil i tes. 

Fouling problems in f lu id ized  bed combustors are no t  expected to  be as severe 
due t o  the  lower combustion temperatures in FBC's (70O-95O0C) compared w i t h  
PC- f i red  o r  cyclone combustors (165OOC). Scanning electron microscope studies 
have been made of  bed agglomerates f r o m  t h e  GFETC p i l o t  p lan t  FBC from a test  
b u r n i n g  Beulah l ign i te  w i th  AI O3 bed material, and from t h e  p i l o t  scale FBC of 
F lu idyne Engineer ing Corporat i& of Minneapolis, b u r n i n g  Ind ian  Head l ign i te  wi th 
an S i02  bed. The agglomerations f r o m  t h e  GFETC FBC showed thin films o f  
Na SO CaSOq, and Na Ca(S0 ) s u r r o u n d i n g  a layer o f  complex silicates ( a  
ty6caP)composit ion i s  11% &a 0, & % g o ,  21% AI 03, 11% CaO, 45% SiO,) w i th  a core 
which is predominant ly AI 6 . No sul fates & re  observed in t h e  agglomerations 
from the  F lu idyne combusto? 87). A calc ium-r ich coating sur rounded a sodium-rich 
layer which in turn contained core material t h a t  was predominant ly S i02  and Al2O3. 

Th is  p re l im inary  evidence suggests t h a t  agglomerates form around part ic les o f  
bed material v ia  reactions w i th  the  inorgan ic  materials in t h e  coal o r  ash, and may 
react f u r the r  w i th  SO o r  SO . Labora tory  invest igat ions o f  t h e  mechanism of 
agglomerate formation ase expec?ed to  p r o v i d e  cont inu ing  s u p p o r t  t o  FBC research. 

Summary 

The resu l ts  presented here exempl i fy t h e  types  o f  b road- rang ing  studies, 
which, it i s  hoped, wi l l  eventual ly p r o v i d e  an extensive data base on  the  or ig in,  
d is t r ibu t ion ,  character ist ics,  and process behavior o f  t he  major inorganic species in 
l ign i tes .  For example, t he  hydrogeochemical h i s to ry  o f  a l ign i te  deposit and the  
mineralogy of  t h e  overburden and underc lay  p lay  an important role in determining 
the  amount and d i s t r i bu t i on  of  sodium in the  l ign i te .  T h a t  sodium may then have a 
detr imental  ef fect  on the  u t i l i za t ion  o f  t he  l ign i te - -  b y  con t r i bu t i ng  to  ash foul ing - 
o r  it may have a beneficial e f fec t - -  by reduc ing  slag viscosi ty in a slagging 
gasi f ier .  Continued research wi l l  allow coal scient ists t o  follow t h e  fa te  of the  
inorganic species f rom t h e  Paleocene epoch t o  tomorrow's synfuels technology. 
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INTRODUCTION 

The r e l a t i v e l y  untapped reserves  of l i g n i t e  coa ls  in the  western United S ta tes  

Thus they 
have generated a l a r g e  amount of i n t e r e s t  in the  past  few years .  
l i g n i t e s  e x i s t  in r e l a t i v e l y  th ick  seams which are c lose  t o  t h e  surface. 
a r e  amenable t o  ex t rac t ion  a t  a low cos t .  
i n  coal conversion processes than coa ls  of higher rank. 
behavior a r e  not w e l l  understood. 
coa ls  is the amount of ion-exchangeable inorganics. 
taken t o  be ca t ions  in assoc ia t ion  with carboxyl groups. 
t o  be responsible for  c a t a l y s i s  of gas i f ica t ion ,  formation of c a l c i t e  during lique- 
fac t ion ,  and the behavior of l i g n i t e  ash during combustion. 
of t h i s  organic-inorganic system has not been s a t i s f a c t o r i l y  accomplished f o r  
American l ign i tes .  

In  general, 

These coa ls  tend t o  reac t  q u i t e  d i f fe ren t ly  
A l l  of the reasons f o r  t h i s  

One of the c h a r a c t e r i s t i c s  pecul iar  t o  low rank 
These inorganics a r e  usually 

These ca t ions  a r e  believed 

However, character izat ion 

The research described here  w a s  concerned with the  character izat ion of t h e  
ion-exchangeable ca t ions  and the carboxyl groups with which they a r e  associated f o r  
th ree  important deposi ts  of American l i g n i t e s .  
ion-exchange techniques, u t i l i z i n g  ammonium a c e t a t e  and barium ace ta te ,  respect ively.  
The cat ions analyzed for  were Na, K,  Mg, Ca, Sr ,  and B a .  
major d i scre te  mineral phases present i n  t h e  l i g n i t e s  have been determined. 
was accomplished by the use of semi-quantitative x-ray d i f f r a c t i o n  and infrared 
spectroscopy techniques. 

This has  been accomplished by 

Also the  amounts of the 
This 

EXPERINENTAL 

The carboxyl group ana lys i s  was modeled a f t e r  t h a t  of Schaefer (1,Z). Br ie f ly ,  
demineralized c o a l  (3) which has been ground in  N 2  t o  pass 200 mesh is  mixed with 
1 N  barium ace ta te  solut ion a t  a pH equaling 8.25 t o  8.30. The s l u r r y  i s  refluxed 
in a f l a s k  through which pur i f ied  N 2  i s  passed t o  prevent oxidat ion of the coal  and 
subsequent formation of barium carbonate. After  4 h r ,  the  solut ion is cooled, the 
pH recorded, and enough 0.05 N barium hydroxide is added t o  r e s t o r e  the  o r i g i n a l  pH 
of the solut ion.  After th ree  4 hr  periods, the  s l u r r y  i s  f i l t e r e d  under N2 and 
washed with 1 N  sodium ace ta te  a t  a pH equaling 8.25 no 8.30. The hydrogen ions 
released from the exchange a r e  quant i f ied by the t o t a l  amount of barium hydroxide 
added to  the solut ion.  
0 .2  N perchlor ic  acid f o r  20 min. 
spectrometry. 

The exchanged barium is  then removed by boi l ing  the  coa l  i n  
The barium released is  quant i f ied by emission 

The ca t ions  were analyzed by ex t rac t ion  of the c o a l  with 1 N  ammonium ace ta te  
a s  suggested by Mil ler  ( 4 ) .  Using t h i s  procedure, t h e  coa l  is s t i r r e d  a t  room 
temperature in t h e  ammonium ace ta te  solut ion (pH equals 7.0 t o  7.2) f o r  3 hr. The 
s l u r r y  is then f i l t e r e d  and the  coa l  t ransfer red  back t o  the beaker with f resh  
ammonium ace ta te  f o r  another 3 h r  ex t rac t ion .  This i s  followed by three  more 3 hr 
ex t rac t ions ,  followed by ex t rac t ion  overnight and a f i n a l  3 h r  period i n  the morning. 
Each of the  e x t r a c t s  is then analyzed f o r  N a ,  K ,  Mg, C a ,  S r ,  and Ba by emission 
spectrometry. 
exchange s ince t h e  exis tence of any ca t ions  i n  the  s l u r r y  w i l l  r e s u l t  i n  an 
equilibrium value on the coal .  

The use of f r e s h  amnonium ace ta te  i s  e s s e n t i a l  t o  achieve complete 

219 

I 

t 



Characterization of d i s c r e t e  mineral phases present i n  the  low temperature 

The procedure f o r  LTA follows tha t  described by Miller ( 4 ) .  
ash (LTA) of the  lignites was accomplished by x-ray d i f f r a c t i o n  and infrared spec- 
troscopy. 
quartz ,  and p y r i t e  a r e  analyzed by x-ray d i f f r a c t i o n ,  while k a o l i n i t e  and anhydrite 
a r e  analyzed by inf ra red  spectroscopy. 
by Jenkins and Walker (5).  It has been shown ( 4 , 5 )  that mineral phases can form i n  
the  LTA process when l i g n i t e s  a r e  ashed. 
carbon, and oxygen t o  form carbonates and s u l f a t e s .  
mineralogical analjjses of bcth the TT' l ig-i tes = id  the  z~eni1l.-  a c e t i t e  t reated 
l i g n i t e s  were performed. 

Calc i te ,  

Techniques f o r  these analyses  a r e  described 

T h a t  i s ,  ca t ions  present f i x  s u l f u r ,  
In  order t o  study t h i s  phenomenon, 

RESULTS AND DISCUSSION 

Table 1 shows the r e s u l t s  of the carboxyl group analysis .  Each value, calcu- 
l a t e d  from the  t i t r a t i o n  results, represents  the average of six t o  e ight  runs, with 
the  value of one standard deviat ion a l s o  shown. In order t o  inves t iga te  the  acces- 
s i b i l i t y  of t h e  carboxyl groups t o  the reagent, both minus 80 and minus 200 mesh 
f rac t ions  of PSOC 623 were invest igated.  
t h e  resu l t s .  Table 1 a l s o  shows carboxyl group values calculated using the  barium 
re lease  method for  selected runs. Carboxyl group contents  a r e  calculated assuming 
t h a t  two carboxyl groups are exchanged with one barium ion. 
these  r e s u l t s  supports t h i s  assumption and confirms the  accuracy of the  technique. 
The choice of th ree  4 h r  re f luxes  w a s  based on the  f ind ing  t h a t ,  i n  a l l  cases ,  l ess  
than 5% of the  carboxyl groups were exchanged i n  the  f i n a l  4 h r  period. The oxygen 
contained in the  carboxyl groups of these  coa ls  accounts f o r  46% (North Dakota), 
37% (Texas), and 42% (Montana) of the  oxygen by difference value calculated i n  the 
ul t imate  analysis .  

There w a s  no e f f e c t  of p a r t i c l e  s i z e  on 

Close agreement of 

TABLE 1. CARBOXYL CONTENTS OF LIGNITES 

PSOC Carboxyl Content, Mequiv/g DMMF 
Coal S t a t e  Seam T i t r a t i o n  Ba Released 

246 N .  Dakota Hagel 3 . 1 3  t 0 . 0 5  3 .24  

6 2 3  Texas Darco 2 . 1 1  2 0.08 2 . 2 2  

833 Montana Fort  Union 3 . 0 0  2 0 . 0 7  3.07 

- 

Table 2 lists concentrat ions of c a t i o n s  associated with carboxyl groups found 
on the  l i g n i t e s .  The values shown represent  the  average of four  runs and have a 
precis ion of 2 3% or b e t t e r .  
there  are  s ign i f icant  v a r i a t i o n s  in concentration of the  ca t ions  among the coals  
s tudied.  For these coa ls ,  i t  was estimated t h a t  43% (North Dakota), 44% (Texas), 
and 60% (Montana) of the t o t a l  carboxyl groups are associated with t h e  ca t ions  
l i s t e d  in  Table 2 .  The bas is  f o r  the se lec t ion  of a 27 h r  t o t a l  exchange time i s  
displayed in Figure 1, where the  cumulative percentage of the t o t a l  exchange versus 
time i s  p lo t ted  for  Mg and Ba. Magnesium is e s s e n t i a l l y  t o t a l l y  exchanged i n  12-15 
h r ,  while Ba exchange proceeds more slowly to  completion. 
evidence of other  inves t iga tors  ( 4 , 6 )  who show that Ba should be more s t rongly held 
than Mg. Among the divalent  ca t ions ,  the  ions with smaller hydrated ion r a d i i  have 
been found t o  be held most s t rongly.  

Since the ca t ions  a r e  

Calcium and Mg a r e  the  predominant cat ions.  However, 

These r e s u l t s  confirm the 

thought t o  be a c t i v e  c a t a l y t i c a l l y  in gas i f ica t ion  and 

Table 3 shows the CO, ( t o t a l )  surface 
l iquefact ion processes, i t  i s  of i n t e r e s t  t o  estimate the f r a c t i o n  of t o t a l  surface 
a rea  covered by the t o t a l  ca t ions  present .  - 
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areas  calculated from adsorption a t  25'C. the surface areas occupied by the carboxyl 
groups calculated by assuming 7 . 7  A2 p e r  s i t e  o r  carboxyl group, and the  perecentages 
of the C02 surface area occupied by the t o t a l  carboxyl groups and ca t ions  associated 
with carboxyl groups. 
the carboxyl groups and by those associated with ca t ions .  

A s ign i f icant  port ion of the COP surface a r e a  is covered by 

TABLE 2. CATION CONTENTS OF LIGNITES ASSOCIATED WITH CARBOXYL GROUPS 

PSOC 
Coal - 

246 

623 

833 

PSOC 
Coal - 

246 

623 

833 

Cation Concentrations, g/g DMMF 
Tota l  - X C a  Na K Ba Sr  

34 .4  171 27 .8  1 . 8 9  6 . 5 1  3.30 244.9 

22 .6  12 9 8 . 6 9  3 .42  3.36 2 .38  169 .5  

5 9 . 8  212 10.0 5 . 3 0  1 0 . 9  3 .34  301.3 

TABLE 3. SURFACE AREAS OF AND GROW COVERAGES ON LIGNITES 

Coverage of CO, Surface Area, % 
2 Carboxyl Carboxyl - By Cations 

200 130 65 28 

180 78 43  19 

210 128 6 1  37 

2 Surface Areas, m f g  DMMF 

Results of the  mineral matter ana lys i s  a r e  summarized in Table 4 .  Each value 
corresponds t o  t r i p l i c a t e  determinations. I n  general, a reproducib i l i ty  of f 2-4% 
(absolute) i s  found. 
than x-ray d i f f rac t ion ,  and the  la rger  values a r e  more r e l a t i v e l y  precise  than the 
smaller ones. The e f f e c t  of the presence of ca t ions  i n  the  r a w  l i g n i t e s  on the  
mineral matter ana lys i s  i s  seen. The amunt  of LTA decreased by up t o  50%, when 
the  ca t ions  were removed from the l i g n i t e s  pr ior  t o  ashing. 
c a l c i t e  and anhydrite can a l s o  be seen. These r e s u l t s  show c l e a r l y  t h a t  the y ie ld  
of LTA produced from raw l i g n i t e s  i s  enhanced by t h e  formation of s u l f a t e s  and 
carbonates. One would predic t  the  exis tence of other  carbonates and s u l f a t e s ,  but 
t h e i r  concentrations would be too low t o  observe by t h e  techniques used. 

Infrared spectroscopy showed a greater  degree of precis ion 

The disappearance of 

CONCLUSIONS 

1) 
groups and exchanged cat ions a r e  r e l a t i v e l y  precise ,  simple, and s u i t a b l e  f o r  charac- 
t e r i z a t i o n  of American l i g n i t e s .  

2)  Calcium and Mg are t h e  major ca t ions  in  the  coals  s tudied,  but  considerable 
var ia t ions  i n  absolute  and r e l a t i v e  concentrations e x i s t  among the  ca t ions  analyzed. 

3) 
areas  of the l i g n i t e s .  

4)  
procedure, which is  mainly due t o  cat ion f i x a t i o n  of C02 and SO 

The ion exchange techniques described i n  t h i s  p a p e r  t o  def ine the  carboxyl 

The cat ions and carboxyl groups cover a s i g n i f i c a n t  f r a c t i o n  of the C02 surface 

up t o  50% of the LTA of the  raw l i g n i t e s  s tudied is an a r t i f a c t  of the ashing 
to  form carbonates 2 
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and su l fa tes .  

5) The r e a l  s ignif icance of t h i s  work l i e s  i n  t h e  a l j i l i t y  t o  cor rec t ly  character ize  
t h e  inorganics i n  l i g n i t e s .  
inorganics on coal  conversion processes  and combustion can be more f u l l y  understood. 

With t h e  information gained by such analyses, e f f e c t s  of I 

LTA, w t  %/g 
Coal Dry Kaol ini te  Quartz P y r i t e  Calcite 

PSOC 246 
* 

Raw 11.5 5 9 n i l  11 
NH4Ac 5.9 8 15 n i l  n i l  

PSOC 623 

Raw 20.5 41 12 n i l  2 
NH4Ac 16.9 41 12 n i l  n i l  

PSOC 833 

Raw 17.4 20 19  n i l  16 
NH4Ac 8.7 41 26 n i  1 n i l  

Anhydrite 

21 
1 

14 
1 

10 
4 

Others 

54 
76 

21 
46 

35 
29 

*minerals detected but  in q u a n t i t i e s  too small t o  quant i fy .  

ACKNOWLEDGEMENTS 

This work w a s  supported by DOE on Contract EX-76-C-01-2030. Mr. Morgan a l so  
received support from an ERG Traineeship and an Office of Education Mining and 
Mineral Fellowship. Professor  W. Spackman kindly supplied the c o a l s  studied. 

REFERENCES 

1) Schaefer. H. N. S., Fuel, 9, 197 (1970). 

2) Schaefer, H. N. S., Fuel, 9, 271 (1970). 

3) Bishop, M. and Ward, D . ,  Fuel, 21, 191 (1958). 

4) Mil ler ,  R.,Ph.D. Thesis ,  The Pennsylvania S t a t e  University (1978). 

5) Jenkins, R. G.,  and Walker, P. L . ,  Jr . ,  i n  Analyt ical  Methods f o r  Coal and Coal 
Products, Vol. I1 (Clarence Karr, Jr. ,  Edi tor ) ,  Academic Press ,  New York, 1978, 
pp. 265-292. 

Amphlett, C.  B.,  Inorganic Ion Exchangers, Elsevier  Pub. Co., New York, 1964. 6 )  

222 



I 

100 

75 

c. 

s 

w - 50 - 
.- 
&e 

- 

25 

0 
0 5 10 IS 

Time (hr) 
20 25 

Figure 1. REMOVAL OF CATIONS FROM CARBOXYL GROUPS ON LIGNITE PSOC-246 IN AMMONIUM ACETATE SOLUTION 
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REMOVAL OF SODIUM FROM LIGNITE CY ION EXCHANGING 
WITH CALCIUM CHLORIDE SOLUTIONS 

L. E. Paulson and J. R. Futch 

Grand Forks Energy  Technology Center, DOE 
Box 8213 Un ivers i ty  Station 

Grand Forks,  ND 58202 

Ligni te resources in Nor th  Dakota are  estimate? a t  350 bi l l ion tons, comprising 
20 percent o f  the  nation's total coal resources on a tonnage basis. Using present 
technology, 16 bi l l ion tons o f  t h i s  l ign i te  i s  mineable (1). Analyses o f  over 400 
samples o f  coal taken th roughout  the region show t h a t  t he  average sodium oxide 
content is 5.5 percent of the  ash (2). 

The  major use o f  l igni te i s  as fuel f o r  electric power generation. These large 
power plants (up to 450 MW) cannot operate ef f ic ient ly burning high sodium lignite 
because of foul ing o f  heat t rans fer  surfaces. Field tests and boiler experience have 
shown tha t  when sodium oxide content in the  ash becomes greater. than 5 percent, 
excessive boiler fou l ing  can be expected (3). 

Sodium does no t  occur as in t h e  discrete mineral particles in l igni te but is  
evenly dispersed th roughout  the  coal matr ix (4,5). Sodium, along w i th  calcium, 
magnesium, i ron and aluminum cation, i s  attached to exchange sites on the  l ignite 
s t ruc tu re  and can be replaced by ion exchange w i th  other elements (6). 
Combustion tests us ing  l ign i te  in which sodium has been replaced by calcium in ion 
exchange have shown less fou l ing  than untreated l ignite. 

Th is  paper presents selected resul ts based on laboratory batch tests in which 
calcium from calcium chlor ide solution is  used t o  replace sodium in a high sodium 
lignite. Test parameters include coal moisture content, part ic le size, solution 
concentration, temperature, sol id- to- l iquid rat io and contact time. 

EXPERIMENTAL PROCEDURE 

Ligni te selected f o r  t he  tests was from t h e  Beulah mine (North Dakota) and 
contained 8.7 percent sodium oxide in the  ash. Ash analysis, as determined b y  
x - ray  fluorescence, i s  shown in Table 1. Ash content o f  the  coal was 10.8 percent 
on a dry basis. 

Table 1 .  - Ash Analysis of Test Coal 
by X-ray Fluorescents: 

(Beulah mine, North Dakota) 

Element 

S i0  

*l2'3 

Fe203 
Ti02 

'2'5 

Percent 

19 .7  

12 .0  

1.6 

0.5 

0 . 3  
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CaO 19.3 

MgO 5.2 

Na20 

K2° 

s03 

8.7 

0.7 

25.0 

TOTAL 99.0 

The test coal was crushed t o  desired size and stored in double plast ic bags t o  
minimize moisture loss. The  test  procedure consisted o f  combining the  desired 
weight rat io o f  l ign i te  w i th  calcium chloride solution in a 400 ml beaker and s t i r r i ng  
w i th  a propel ler- type mixer f o r  t he  specified length o f  time. The l igni te was separ- 
ated from solution by f i l t e r i ng  w i th  a Buchner funnel  us ing  Whatman No. 41 f i l te r  
paper. The f i l t ra te  was analyzed f o r  p H  and specific g rav i ty ,  and the  dissolved 
elements were measured by an induct ively coupled argon plasma spectrometer 
(ICAP). The l igni te was r insed with 200 rnl deionized water and f i l tered. This 
f i l t ra te  was also analyzed. The coal sample was dried and ashed, and the  ash 
analyzed b y  x - ray  fluorescence spectrometry. 

RESULTS AND DISCUSSION 

Each o f  the  test  parameters i s  discussed indiv idual ly.  

Coal Moisture 

The relationship between the  extent o f  sodium removal by ion exchange and 
l igni te moisture content i s  shown in Figure 1. Moisture reduct ion was accomplished 
by air  d ry ing  the  l igni te a t  2S°C. In th i s  set of tests, coal sized t o  80 x 0 mesh 
was contacted w i th  .OS molar calcium chloride solution f o r  5 minutes. The coal- 
to-l iquid weight rat io was 1 t o  4. The moisture content o f  t h e  coal var ied f rom 34 
to  15 percent. Results indicate tha t  reducing the  coal moisture t o  28 percent had 
l i t t l e  ef fect  on the  ra te  o f  exchange. Below 28 percent moisture, t h e  ra te  of 
exchange was reduced considerably. 

L igni te has a porous s t ruc tu re  and the  inherent water i s  believed t o  b e  
t rapped in capillaries (7). Organically bound ions such as sodium may adhere to  
the  surface of t he  capillaries. In the  ion exchange process, calcium di f fuses from 
the  solution in to  the  water- f i l led passages and replaces sodium. Reducing the  
l ignite's moisture content collapses and seals o f f  a port ion gf t h e  capi l lary thus  
reducing ion exchange potential. 

Particle Size 

The effect of part ic le size on the  ra te  of ion exchange i s  shown in Figure 2. 
In this set o f  tests, var ious sized coal was treated w i th  .05 molar CaCI2 fo r  5 
minutes a t  solid to liquid weight rat io o f  1 to  4. Coal moisture content was 34 
percent. 

Results show tha t  t rea t ing  40 x 0 mesh l igni te reduced the  sodium content in 
the  l igni te by 80 percent, while t rea t ing  8 x 0 mesh, a t  t he  same test  conditions, 
reduced the  sodium by 63 percent. T rea t ing  $ x 0 inch  sized l igni te removed only 
15 percent of t he  sodium or ig inal ly in the  coal. The lignite's part ic le size 
determines the distance tha t  the  exchanging ion must t rave l  th rough the  capil lary 
network and, f o r  t ha t  reason, effects the  ra te  and ex ten t  o f  exchange. 
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Solution Concentration 

T h e  sodium content of the  treated l ign i te  (dry basis) as a funct ion o f  start ing 
calcium concentration in solution i s  shown in Figure 3. The calcium content of 
l igni te resul t ing from the  treatment i s  also shown. In th i s  series o f  tests, calcium 
c h l ~ r l d c  :n!utlr\n in mder concentration va ry ing  from 0 t o  .2 molarity was mixed 
w i th  80 x 0 mesh l igni te for  3 minutes. The solid-to-l iquid weight rat io was 1 to 5. 

Results indicate a d i rec t  relationship between solution concentration and sodium 
removal. T h e  calcium content of the  l ign i te  increases proport ional ly t o  the  decrease 
in sodium content. 

Temperature 

The  relat ionship between the  temperature o f  the calcium solution and sodium 
removal is shown in Figure 4. In th is  tes t  series, 8 x 0 mesh l igni te was treated 
w i th  .05 molar CaCl solution fo r  5 minutes. The  sol id- to- l iquid ra t io  was 1 to  4. 
The  solution t e m p e r h r e  was var ied f rom 70 t o  145 degrees F. Results indicate 
tha t  63 percent of the  sodium was removed from the  l igni te a t  70 degrees F., while 
72 percent was removed a t  120 degrees F. Temperatures h igher  than 120 degrees 
F. d id  not increase the  removal ef f ic iency.  

Figure 5 shows the  moles o f  sodium removed from the l igni te per  mole o f  
calcium added as a funct ion of temperature. Under these test  conditions, one mole 
o f  calcium will replace 1.15 to  1.25 moles o f  sodium. Under ideal conditions, th is 
ra t io  should be two sodiums removed f o r  every  calcium added. In the  present case, 
other metals in the  l ignite, such as magnesium o r  iron, which are also ion 
exchangeable, may have been replaced, thus  reducing the  molar rat io o f  calcium 
replacing sodium. 

Sol id-Liquid Weight Ratio 

The solid-to-l iquid rat io effects sodium removal efficiency as is  shown in 
Figure 6. In th i s  series of tests, l ign i te  sized 8 x 0 mesh was contacted w i th  .05 
molar calcium chloride f o r  5 minutes. T h e  solid-to-l iquid weight ratios were 1 to  2, 
3 t o  8, and 1 t o  4. 

Results in Figure 6 show tha t  increasing the  quant i t y  o f  liquid (thus 
increasing the  quant i t y  o f  calcium present)  in proport ion t o  solids wil l increase the 
sodium removed. The reason is  tha t  w i th  h igher  ratios more calcium is in contact 
w i th  the  coal. Figure 7 shows the  ra t io  o f  moles o f  sodium removed t o  moles o f  
calcium added t o  the  l ign i te  f o r  t h i s  set  o f  tests. As shown, the  molar quant i ty o f  
sodium removed t o  calcium added t o  t h e  coal var ied f rom 1.25 t o  1.35 and compared 
favorably to  tha t  previously shown in Figure 5. 

Contact Time 

The ef fect  o f  sol id- l iquid contact time on sodium removal ef f ic iency i s  shown in 
Figure 8. I n  th i s  series of tests, .05 molar CaCl solution was mixed w i th  8 x 0 
mesh l igni te in a weighed sol id- to- l iquid rat io o f  ? t o  4. Contact time was 5, 30 
and 120 minutes. 

Results show tha t  the  quant i t y  o f  sodium removed f o r  th is  size coal increased 
with contact time u p  t o  30 minutes. A f te r  30 minutes, there was no significant 
increase. Th is  indicates tha t  equi l ibr ium under these test  conditions w i th  th is  size 
l imit has Seen achieved in less than 30 minutes. 
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SUMMARY 

The quant i ty of sodium removed from l igni te b y  ion exchange w i th  calcium is  a 
function of t he  coal's moisture content, part ic le size, quant i t y  o f  calcium present in 
solution, solution temperature and contact time. The  greatest exchange occured 
w i th  l igni te containing more than 28 percent moisture and smallest part ic le size (80 
mesh x 0). The  ra te  o f  exchange increases s l igh t ly  w i th  temperature t o  120'F. 
The  sodium removal i s  a d i rec t  funct ion o f  solution calcium concentration. solution 
concentration and solid-l iquid ra t io  are interdependent variables which determine 
total quant i t y  o f  calcium which contacts a unit quant i t y  o f  l igni te.  

1. 

2. 

3. 

4. 

5. 

6 .  

7. 
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Laboratory Batch Liquefaction of Low Rank Coals 

A.M. Souby, T.C. Owens, D.E. Severson 

Department of Chemical Engineering , University of North Dakota 

Grand Forks, ND 58202 

I 

INTRODUCTION 

Laboratory autoclave s tudies  of low rank coa ls ,  p a r t i c u l a r l y  l i g n i t i c  coa ls ,  
have been conducted i n  the  Department of Chemical Engineering a t  the  University 
of North Dakota over a period of nearly 15 years. Recent research work i s  focused 
on providing process support da ta  for  the  "surviving" l iquefact ion technologies 
with par t icu lar  emphasis on western low rank.coals. 
program was directed t o  screening several  l iquefact ion solvents. Two solvents  
were selected f o r  subsequent work; one was a d i s t i l l e d  anthracene o i l  ( A O D 1  and 
AOD2) and the second was hydrogenated d i s t i l l e d  anthracene o i l .  

Early work i n  the  current  

One of the object ives  of the  research program is t o  study the  e f f e c t  on 
liquefaction yields  of the  i d e n t i t y  and quant i ty  of mineral const i tuents  of the  
coal. 

Five North Dakota l i g n i t e s  (Beulah, Gascoyne, Zap, Larson, and Velva) , th ree  
Montana or Wyoming subbituminous coals  (Absaloka, Wyodak, and Decker), and a s ingle  
Alaska subbituminous coal  ( I l s ibe l l i )  were invest igated.  Analyses of the coals  and 
of the coal ashes a r e  given in  Tables 1 and 2, respect ively.  The elements of ten 
considered t o  be important in  l iquefact ion a r e  i ron ,  calcium, magnesium, sodium, 
potassium, and su l fur .  There is a considerable body of opinion t h a t  the var ious 
fcrms of iron su l f ides  a r e  the  primary c a t a l y s t s  in  l iquefact ion.  Tables 1 and 2 
show t h a t  the high ash l i g n i t e  (BEU 3)  and subbituminous (ABS 1) a r e  al.so high i n  
both i ron and su l fur ,  while the  calcium and magnesium contents  a r e  i n  the range of 
the other  coals. The sodium leve l  i s  r e l a t i v e l y  high f o r  the  Beulah (BEU 3)  and 
Zap l i g n i t e s ,  and f o r  the  Absaloka coal when it i s  compared with the  other  sub- 
bituminous coals. 

PRODUCT AND SLURRY ANALYSES 

Analyses of l iquefact ion solvent and of react ion products a r e  la rge ly  physical 
i n  nature. Solvent and s l u r r y  a r e  characterized by vacuum d i s t i l l a t i o n  (ASTMD-1160) 
and by dissolut ion of the undis t i l l ab le  portLon i n  tetrahydrofuran (THF). Slurry 
material not soluble i n  THF was considered t o  be ur:onverted l i g n i t e  o r  ash, and 
the ash was determined independently. 

Three d i s t i l l a t e  f rac t ions  were determined i n  t h e  vacuum ( 5  t o r r )  d i s t i l l a t i o n .  
These were the  i n i t i a l  boi l ing point  (IBP) t o  12OoC - l i g h t  o i l ;  12OoC t o  2600 C - 
middle o i l ;  and the  f rac t ion  d i s t i l l e d  above 260°C - heavy o i l .  The THF soluble ,  
but  nondis t i l lable ,  port ion of the product s l u r r y  was ca l led  soluble residuum. 
Condensable vapors t h a t  were discharged with the  reactor  gases were col lected i n  
cold t raps  and a r e  a l s o  considered t o  be l i g h t  o i l s .  
solvents consis t  primarily of mater ia l  i n  the  middle o i l  range. 
poses of data  reduction it was assumed the ash was unchanged during t h e  reaction. 

It w i l l  be noted t h a t  the  
For pur- 

EXPERIMENTAL RESULTS 

Cold charge Autoclave - 
In cold charge autoclava experiments, solvent ,  l i g n i t e ,  and gas (nominally 
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an equimolar mixture of CO and H ) were charged t o  the autoclave. The autoclave 
was heated to  the desired reaction temperature a t  the r a t e  of  approximately 3OC/ 
h n u t e .  When the maximum temperature was reached the power was immediately shut  
o f f .  
dropped t o  400 F. 

Figures 1 and 2 show the e f f e c t s  of maximum reac tor  temperature on the product 

2 

Reactor gases were discharged through cold t raps  when the reactor  temperature 

d is t r ibu t ion  when using Velva l i g n i t e  i n  the cold charge autoclave. D i s t i l l e d  an- 
thracene o i l  (AOD 1) was used as  the solvent  f o r  the runs presented i n  Figure 1, 
while hydrogenated anthracene o i l  (HAD 29b was the solvent f o r  the data  shown i n  
Figure 2 .  As the temperature exceeds 420 C ,  the  y ie lds  of gas and l i g h t  o i l  in -  
crease,  while the heavier d i s t i l l a t e  y ie lds  decrease dramatically and the overa l l  
conversion is unchanged o r  s l i g h t l y  diminished. This ind ica tes  t h + t  heavier 
products (soluble residuum and heavier d i s t i l l a t e s )  a re  converted t o  l i g h t e r  products, 
bu t  some of the solvent o r  products a re  polymerized, coked, or charred and thus 
rendered insoluble i n  THF. Figures 3 and 4 show the  r e s u l t s  obtained when using 
Absaloka subbituminous coal  a t  the same temperatures and with the same solvents .  
The same general observations can be made although there  a r e  some differences 
apparent between the l i g n i t e  and the subbituminous coal. The r e s u l t s  for  the  
various products of the two types of coal  a r e  shown i n  Figure 5 through Figure 10. 

Figure 5 shows t h a t  the y ie ld  of soluble residuum is  high a t  the lower 
temperatures, but decreases with increasing temperature f o r  the  Absaloka coa l ,  while 
the  soluble residuum yie ld  reaches a maximum a t  about 420° for  Velva l i g n i t e .  
Additionally, the overa l l  conversion of Absaloka coal  i s  la rge ly  unaffected by 
react ion temperature, but the conversion increases  from 69 percent t o  89 percent 
when reaction temperature i s  ra i sed  from 38OoC t o  420°C f o r  the l i g n i t e .  
ences i n  the yields  of THF soluable product and of d i s t i l l a t e  show a grea te r  
e f f e c t  of reaction tern-oerature for the l i g n i t e  than for  the subbituminous coa l  
(Figure 6). The y ie lds  of the  components of the  d i s t i l l a t e  products follow s imi la r  
t rends although the y ie ld  of the middle and heavy o i l  f rac t ion  shows grea te r  
var ia t ion  w i t h  temperature changes for  the l i g n i t e  coal  (Figure 7). 

Differ- 

Figures 8, 9, and 10 show the same general t rends when hydrogenated anthracene 
o i l  (HAD 29) was the solvent and the same two coals  were used. 

The highest d i s t i l l a t e  y ie ld  obtained was w i t h  Zap l i g n i t e  using the  d i s t i l l e d  
anthracene o i l  solvent (AOD 11, while the Larson and Beulah l i g n i t e s  showed the 
lowest d i s t i l l a t e  yields .  The overa l l  conversion was a l s o  highest  for  Zap l i g n i t e .  
Changing t o  the hydrogenated solvent (HAD 29) caused a decrease i n  d i s t i l l a t e  y ie ld  
for Beulah l i g n i t e ,  while the y ie ld  of gas increased. Overall conversion increased 
s l i g h t l y ,  and the y ie ld  of soluble residuum was nearly constant .  I t  appears t h a t  
d i s t i l l a t e  (including solvent)  was converted t o  l i g h t e r  products while other  products 
were unaffected. For the Larson and Velva l i g n i t e s ,  the d i s t i l l a t e  and gas y ie lds  
and the overal l  conversion increased, and the y ie ld  of soluble  residuum decreased. 

Comparing the conversion and product y ie lds  when using the  anthracene o i l  
solvent  (AOD 1) for  North Dakota l i g n i t e s  and f o r  the subbituminous coals  show t h a t  
the  conversion of l i g n i t e  i s  generally higher. Correspondingly, the  d i s t i l l a t e  
y ie lds  a re  higher for  l i g n i t e .  Changing t o  the hydrogenated solvent  (HAD 29)caused 
the  conversion for  the subbituminous coals  to  increase noticeably; the  conversion 
Of l i g n i t e  increased, bu t  t o  a l e s s e r  extent .  Thus, it appears t h a t  the presence 
Of a solvent containing grea te r  amounts of hydrogen has a grea te r  e f f e c t  on the 
higher rank (subbituminous) coal. 

Although the coal screening work has not been completed, r e s u l t s  obtained so 
f a r  do not  seem t o  indicate  a pos i t ive  r e l a t i o n  between ash content of the  feed coal 

and overal l  conversion or production of d i s t i l l a t e  product. More work w i l l  be done 
2 34 
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i n  looking a t  the e f f e c t s  of the various ash const i tuents  on conversion and y ie lds .  

Hot Charge Autoclave 

Gas (equimolar CO/H mixture) ana the solvent/coal s l u r r y  were charged t o  the 
hot one-gallon autoclave: and per iodic  samples of both reac tor  gas and s l u r r y  were 
taken during a run. The same l i g n i t e s  and subbituminous coals  and the same 
Solvents were studied. Nominal temperatures were 42OoC and 46OoC. 

Recovery of products on the hot  charge system ranged from 88.0 t o  96.5 percent ,  
with closure generally i n  the 92 t o  95 percent range. 
generally caused by plugging i n  the s l u r r y  sampling system. In  some of  the runs, 
the time samples exhausted the product s lur ry ,  so t h a t  no end-of-run r e s u l t s  were 
obtained. In other  runs, the sampling system plugged so t h a t  a l l  of  the time 
samples were not obtained, but  end-of-run r e s u l t s  could be determined. I t  is 
in te res t ing  to  note t h a t  with Decker subbituminous coal  and hydrogenated solvent 
the sampling system plugged each time a run was attempted. 
r e s u l t s  were obtained. 

Fa i lures  i n  the runs were 

However, some end-of-run 

The end-of-run data  for  Beulah, Velva, Larson, and Gascoyne l i g n i t e s  and f o r  
Wyodak and Absaloka subbituminous coals  a re  shown i n  Figures 11 and 1 2 ,  where 
yields  of d i s t i l l a b l e  o i l ,  soluble  residuum, and unconverted coal  a r e  p lo t ted  
against  temperature over the range 420° t o  46OOC. 
i s  the much higher conversion (lower yield of unconverted coal)  and much higher 
yields  of d i s t i l l a b l e  o i l  real ized with the hydrogenated solvent  HAD 20 a s  compared 
w i t h  the unhydrogenated anthracene o i l ,  A00 1 o r  2. When comparing r e s u l t s  with the 
d i f fe ren t  coals, f i r s t  w i t h  the hydrogenated and then with the unhydrogenated 
solvents, there appears t o  be l i t t l e  s ign i f icant  difference between any of them. 
However, the data from the s l u r r y  t i m e  samples show some differences between 
l i g n i t e s  and between the two subbituminous coals. 

The most obvious difference 

The r e s u l t s  of the s l u r r y  time sample data  were calculated on an MRF coal 
bas i s  on the assumption t h a t  the  ash content of the s l u r r y  sample is the same a s  the  
t o t a l  ash i n  the coal charged ( t h i s  is the so-called "ash-conversion") . This i s  
not  s t r i c t l y  accurate, bu t  information on trends was obtained by cross-averaging 
the  data f o r  the three l i g n i t e s  and for  the two subbituminous coals  for  each 
solvent a t  each of the two temperatures. 

The averaged data a r e  p lo t ted  i n  Figure 13  for  the l i g n i t e s  and i n  Figure 14 
f o r  the subbituminous coals. 
and both coals, t o t a l  conversion (THF soluhles and l i g h t e r )  increases  with time, 
whereas the  conversion t o  d i s t i l l a t e s  and l i g h t e r  decreases s l i g h t l y  with time. 
There appears to  be no s igni f icant  difference,  considering the  s c a t t e r  of the d a t a ,  
between the l i g n i t e s  and the subbituminous coals. A t  the  higher temperature of 
460°C, with the unhydrogenated solvent ,  t o t a l  conversion is i n i t i a l l y  high with 
the  l i g n i t e s  and then decreases, whereas with the subbi tminous coals  it increases  
to  a maximum and then decreases with t i m e .  W i t h  the hydrogenated solvent ,  
conversion of the l i g n i t e s  increases  w i t h  time, whereas conversion of the  sub- 
bituminous coals is i n i t i a l l y  high and remains high. 
conversion i s  the r e s u l t  of  repolymerization o r  condensation react ions t o  produce 
W F  insolubles occurring t o  a grea te r  extent  than the so lubi l iza t ion  react ions.  

A t  the  lower temperature of 42OoC with both solvents  

The apparent decreasing 

Here again, future  work w i l l  be concerned w i t h  the  e f f e c t s  of the mineral 
matter const i tuents  on conversion and yield d is t r ibu t ion .  
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Figure 11 

Liquefaction of Beulah. Velva, and Gascoyme Liqnites  i n  the 
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CHARACTERIZATION OF L I G H T  OILS  
FROM LIQUEFACTION OF L I G N I T E  

S. A .  Farnum, E. S. Olson, B. W. Farnum, and  W. G. Wil lson 

G r a n d  F o r k s  E n e r g y  Technology Cen te r  
U .  S .  Depar tment  o f  E n e r g y  

B o x  8213, U n i v e r s i t y  S ta t i on  
G r a n d  Fo rks ,  ND 58202 

I n t r o d u c t i o n  

L iquefact ion o f  N o r t h  Dakota Beulah seam l i g n i t e  (Tab le  1) was c a r r i e d  o u t  i n  
a 2.3 k g  coal /hr  con t inuous  p rocess ing  unit a t  t h e  G r a n d  F o r k s  E n e r g y  Technology 
Cen te r .  T h e  des ign  a n d  eng ineer ing  deta i ls  o f  t h i s  unit have  been descr ibed 
p rev ious l y  (1). L i g h t  o i l  (6P<30O0C @ 27.5 MPa) w h i c h  accounted f o r  abou t  19% of 
t h e  y ie ld  ca lcu lated on  a MAF coal bas is  was w i t h d r a w n  a t  t h e  e n d  o f  each pass and 
n o t  added back t o  t h e  recyc le  so l ven t .  S l u r r y  was p r e p a r e d  f o r  each recyc le  pass 
by add ing  30% by weight ,  p u l v e r i z e d  (100% minus 60 mesh) as received (%30% 
moisture)  l i gn i te  t o  t h e  h e a v y  p r o d u c t  (BP>300°C @ 27.5 MPa) con ta in ing  unreacted 
l i g n i t e  a n d  ash as well .  S l u r r y  feed  r a t e  t o  a 4.55 l i t e r  autoc lave ac t i ng  as a 
cont inuous s t i r r e d  t a n k  r a n k  reac to r  (CSTR) a t  2.3 kg/hr gave  a nominal residence 
t ime of one h o u r .  CO a n d  H gas ( 1 : l )  were added a t  14.2 I/min. T h e  pas t i ng  
so lvent  f o r  t h e  f i r s t  pass was &d is t i l l ed  an th racene  o i l  ( IBP  296'C @ 1 .3 Pa). T h e  
light oi l  sample s tud ied  was co l lected o n  t h e  24th recyc le  pass, and  rep resen ts  an  
essent ia l ly  l ined-out  s teady s tate p r o d u c t .  A desc r ip t i on  o f  t h e  deta i led reactor  
condi t ions and o f  t h e  composit ion o f  t h e  o t h e r  p r o d u c t s  was g i v e n  by Farnum, 
Knudson  and Koch (2) .  

Exper imenta l  

Separat ions 

T h e  light o i l  was condensed f r o m  t h e  gases a f t e r  dep ressu r i za t i on  v i a  two  
le t -down va lves i n t o  a wa te r  cooled p r o d u c t  receiver ,  separate f r o m  t h e  heavy  
p r o d u c t  le t -down.  T h e  wa te r  v a p o r  t h a t  condensed w i t h  t h e  o i l  was separated in a 
separa to ry  funne l .  

T h e  o i l  was f u r t h e r  f rac t i ona ted  by ex t rac t i on  u s i n g  t h e  scheme suggested b y  
F r u c h t e r  e t  a l .  (3) modi f ied by t h e  use o f  !-pentane r a t h e r  t h a n  iso-octane. A 
f lowsheet  o f  t h e  method w i t h  t h e  pe rcen t  r e c o v e r y  o f  each f r a c t i o n  i s  g i v e n  in 
F i g u r e  1. T h e  number  o f  components determined b y  cap i l l a ry  GC u s i n g  a 50-meter 
OV-101 g lass column (Tab le  2) ind icates t h a t  t h e  to ta l  detectable number  o f  
components i s  less t h a n  277 s ince t h e r e  i s  some ove r lap  between f rac t i ons .  T h e r e  
a r e  less t h a n  85 components above 1% in t h i s  l i gn i te  convers ion  p r o d u c t .  

Separations o f  t h e  f o u r  f rac t i ons  u s i n g  reve rse  phase HPLC w i t h  a MeOH-H 0 
g r a d i e n t  ( A l t e x  Model 420) p r o d u c e d  major component separat ions.  T h e  light &I 
was f ract ionated u s i n g  t h e  scheme o f  Dooley e t  a l .  (4), y i e l d i n g  f r a c t i o n s  i nc lud ing  
weak acids, phenol ics ,  basics, hyd roca rbons  and  heteroaromat ics.  Grad ien t  HPLC 
separat ion o f  t h e  weak ac ids gave  approx imate ly  40 peaks; t h e  phenol ics ,  45 peaks; 
a n d  t h e  basics, 36 peaks.  T h e  hyd roca rbon  f r a c t i o n  was reso lved  i n t o  30 
compounds. T h i s  separat ion was developed f o r  use as an  analy t ica l  scale separat ion 
techn ique  w i t h  automatic f r a c t i o n  co l lect ion.  

Analyses 

Elemental and  water  analyses o f  t h e  o i l  a n d  t h e  f o u r  f r a c t i o n s  were c a r r i e d  o u t  
b y  combustion (C,H,N,S), K a r l  F ischer  t i t r a t i o n  ( H  0), and  n e u t r o n  ac t i va t i on  and 2 
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coulometry  (0) (Tab le  3) .  T h e  f r a c t i o n s  were d r i e d  o v e r  a n h y d r o u s  magnesium 
su l fa te  be fo re  analys is .  

Spec t roscopy  

IR spect roscopic  analyses were  c a r r i e d  o u t  o n  thin f i lms o f  t h e  o i ls  between 
NaC! d i s k s  u s i n g  a Perk in-Elmer 283* IR spect rometer .  

( 

U V  stud ies were conduc ted  u s i n g  a p p r o p r i a t e  d i l u t i o n s  o f  t h e  light oi l  and  i t s  
f r a c t i o n s  in CH C12. T h e  Perk in -E lmer  H i tach i  model 340 w i t h  Data Handler  was 
used  e i the r  in &e absorbance mode o r  programmed f o r  t h e  f o u r t h  d e r i v a t i v e  mode. 

T h e  solut ions 
were  d i l u t e d  1 : 8  w i t h  CDCl  con ta in ing  1% o f  TMS. T h e y  were  pu lsed  25 times at 
flip angles o f  45' o r  90'. 

I 3 C  NMR spec t ra  were  also a c q u i r e d  w i t h  t h e  Var ian  XL-200, ope ra t i ng  a t  50 
MHz us ing3 the  b road  b a n d  p r o b e .  T h e  so lut ions were  30% oi l  in CDCl  w i t h  1% TMS 
a n d  5x10 M Cr (AcAc)3 .  . T h e  pu lse  ang le  was 60' w i t h  5000 t o  ?5,000 pulses 
accumulated be fo re  i n teg ra t i on .  T h e  r e s u l t s  a r e  p resen ted  in Tab le  5.  

T r i f l uo roace t i c  A c i d  - H y d r o g e n  Perox ide  Ox ida t i ons  

'H NMR spec t ra  were  t a k e n  a t  200 MHz w i t h  a Var ian  XL-200. 

-?he i n t e g r a t e d  areas a r e  shown in Tab le  4. 

A t r i f l uo roace t i c  ac id  - h y d r o g e n  p e r o x i d e  ox ida t i on  (5)  o f  t h e  light o i l  was 
c a r r i e d  ou t .  T h e  r e s u l t i n g  ac ids were  de r i va t i zed  t o  t h e  p -b romophenacy l  esters 
(6)  t o  p r o v i d e  U V  absorbance.  T h e y  were t h e n  separated by so lven t  g rad ien t  
(MeOH-H20) r e v e r s e  phase HPLC a n d  iden t i f i ed  by comparison w i t h  t h e  same 
sequence c a r r i e d  o u t  w i t h  s tandards .  

Resul ts  and Discuss ion 

Bas ic  F rac t i on  

T h e  bas ic  f act ion,  5% o f  t h e  to ta l ,  i s  d a r k  in color, w i t h  heterocyc l ic  
cha rac te r .  T h e  H NMR has  severa l  resonance l ines between 8 . 2  and  8.6 ppm as 
well  as a l a r g e  area between 6 . 5  and  7.8 ppm ind i ca t i ng  p y r i d i n e s .  Some prominent  
l ines between 2 and  3 ppm sugges t  m e t h y l  subs t i t uen ts .  T h e  IR conta ins a l l  o f  t h e  
p y r i d i n e  - qu ino l i ne  s t r e t c h i n g  f requenc ies  a n d  also i n d i l a t e s  r i n g  subs t i t u t i on .  As 
was expected,  a v#-y b r o a d  b a n d  appears in t h e  NH, N - H  s t r e t c h i n g  reg ion .  The 
r i c h l y  populated C NMR spec t rum of t h i s  f rac t i on ,  however ,  shows a complex 
m i x t u r e  o f  ca rbon  t y p e s  f rom $9 p p m  t o  160 ppm. Pyro l les,  if present ,  are 
p r o b a b l y  s u b s t i t u t e d  s ince n o  C peak  i s  seen a t  106-108 ppm. Indoles a re  
poss ib le .  

i- 

Phenolic F rac t i on  

T h e  phenol ic  f rac t i on ,  25%, appears t o  b e  ma in l y  phenols  w i t h  cresols  and 
o t h e r  subs t i t u ted  phenols  p r e s e n t  in wide v a r i e t y .  Naphthols ,  if p resen t ,  are a 
m ino r  component. 

T h e  IR o f  t h i s  f rac t i on ,  in add i t i on  t o  a b r o a d  OH s t r e t c h i n g  v i b r a t i o n ,  has a 
p rominen t  C - H  s t r e t c h i n g  v i b r a t i o n .  T h e  o t h e r  cha rac te r i s t i c  bands  o f  phenol  a re  
al l  p resen t .  

T h e  U V  ( F i g u r e  2) shows a maximum near  275 nm t h a t  i s  t h e  abso rp t i on  d u e  t o  
phenols .  T h e  f o u r t h  d e r i v a t i v e  U V  ( F i g u r e  3) i s  well  de f i ned  giving a cha rac te r -  
i s t i c  p a t t e r n  w i t h  a peak co r respond ing  t o  t h e  absorbance a t  275 nm a f te r  
wave leng th  co r rec t i on .  
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Heteroaromatic F rac t i on  

1 
T h e  H NMR o f  t h e  heteroaromat ic  f rac t i on ,  22%, ( F i g u r e  4b) i s  dominated b y  

symm@-ical mu l t i p le t s  a t  7 .8  a n d  7 .5  p p m  wh ich  a r e  cha rac te r i s t i c  o f  naphthalene.  
T h e  C NMR ( F i g u r e  6a) shows t w o  peaks o f  s imi lar  area a t  127.8 a n d  125.7 ppm 
w i t h  a peak a t  133.4, ag ree ing  well  w i t h  t h e  assumpt ion t h a t  u n s u b s t i t u t e d  
naphthalene i s  p resen t .  T h e  IR s u p p o r t s  t h i s  assumpt ion also in t h a t  t h e  spect rum 
c losely  resembles t h a t  o f  naphthalene and  t h e  methy lnaphthalenes w i t h  al l  of t h e  
f requencies rep resen ted .  T h e  weak N-H f r e q u e n c y  in t h e  IR a long w i t h  the 
n i t r o g e n  p resen t  in the, elemen analyses ind icates t h a t  carbazoles may be  p resen t  
in t h i s  f rac t i on .  T h e  H and  'C NMR, U V  ( F i g u r e s  2,3) a n d  IR also sugges t  the 
presence o f  phenanthrenes.  

A l l  of t h e  s u l f u r - c o n t a i n i n g  compounds a r e  p r e s e n t  in t h i s  f r a c t i o n  (Tab le  3). 
Aromat ic  e thers a r e  also ind icated;  however ,  n o  ev idence o f  a l i pha t i c  e t h e r s  is 
seen. 

Hydroca rbon  Fract ions 

T h e  hyd roca rbon  f r a c t i o n  i s  almost one-hal f  o f  t h e  light o i l  by we igh t .  I t  is  
a p p a r e n t l y  a m i x t u r e  o f  a l iphat ic  molecules w i t h  some aromatic cha rac te r ,  p robab ly  
benzenoid subs t i t u t i on .  T h e  mater ia l  i s  light in co lor ,  does n o t  have  an  unpleasant  
odo r ,  a n d  is  low bo i l i ng .  T h e  IR o f  t h e  h y d r o c a r b o n  f r a c t i o n  i s  v e r y  simple, 
dominated b y  t h e  C-H  a l iphat ic  s t rT tch ing  frequen-c,ies a n d  t h e  CH a n d  CH2 
b e n d i n g  v ib ra t i ons  a t  1465-1450 cm and  1380 cm . T h e  major Ck, r o c k i n g  
v i b r a t i o n  appears a t  !15 cm , (CH2)2. T h e  aromat ic  C-C  s t r e t c h i n g  I S  weakly  
rep resen ted  a t  1495 cm . 

H a n d  I 3 C  NMR ( F i g u r e  6b )  spec t ra  a r e  t h e  s implest  spec t ra  seen f o r  
a n y  of t h e  f o u r  f rac t i ons .  T h e  aromatic p ro tons  a r e  15% o f  t h e  to ta l  number  o f  
p ro tons  w i t h  t h e  measured C 

1 T h e  

/Ctotal = 0.33 (Tables 4 and  5) .  a r  

Unseparated L i g h t  Oi l  28-14 

T h e  f o u r t h  d e r i v a t i v e  U V  was used  t o  compare t h e  o i l  w i t h  i t s  separated 
f rac t i ons .  T h e  t w o  main UV-absorb ing  f rac t i ons ,  t h e  phenol ic  and  heteroaromatic 
f rac t i ons  (F igu re  2), show charac te r i s t i c  f o u r t h  d e r i v a t i v e  f i n g e r p r i n t s  ( F i g u r e  3 ) .  
T h i s  cha rac te r i s t i c  f i n e  s t r u c t u r e  o f  t h e  f o u r t h  d e r i v a t i v e  U V  i s  eas i ly  seen in t h e  
p a t t e r n  f o r  t h e  complete light oi l  LO 28-14. T h e  abso rp t i on  near  275 nm i s  t h e  
main phenol ic  b a n d  wh ich  increases in concer t  w i t h  t h e  increase in phenol ic  con ten t  
as l ine-out  is  approached.  Since t h e  f o u r t h  d e r i v a t i v e  fo l lows Beer ' s  Law, t h e  
changes seen as t h e  process proceeds may be  q u a n t i t a t i v e l y  measured.  

IR s tud ies o f  t h e  CH s t r e t c h i n g  reg ion  in t h e  o i l  i t se l f  a long w i t h  'H NMR a re  
also v e r y  usefu l  f o r  mon i to r i ng  t h e  approach t o  l i ne -ou t .  T h e  asymptot ic  approach 
o f  t h e  IR ra t i o  t o  a cons tan t  va lue  as a f u n c t i o n  o f  recyc le  passes ind icates t h a t  a 
l i ned -ou t  p r o d u c t  was obta ined (2) .  

T r i f l uo race t i c  ac id  - h y d r o g e n  pe rox ide  ox ida t i on  o f  t h e  l i g h t  o i l  was c a r r i e d  
o u t .  Reverse phase so l ven t  g r a d i e n t  HPLC was used  t o  qua l i t a t i ve l y  separate t h e  
e-bromophenacyl  es te rs  o f  t h e  ac ids formed d u r i n g  t h e  ox ida t i on .  T h e  fo l lowing 
d iac ids  were i n f e r r e d  f rom comparison w i t h  s tandards :  ZC, 3C, 4C, 5C a n d  IOC. 
Also seen were acetic, butanoic ,  pentanoic ,  cyc lohexenecarboxy l i c  and  cyc lo-  
hexy lace t i c  acids. 

Summary 

T h e  l i g h t  o i l  28-14 was separated i n t o  f o u r  f r a c t i o n s .  T h e  bas ic  f rac t i on  was 
he te rocyc l i c  in n a t u r e  con ta in ing  most o f  t h e  n i t r o g e n  compounds f rom t h e  o i l .  T h e  
phenol ic  f rac t i on  was shown to b e  most ly  phenols  w i t h  naph tho ls  o n l y  a minor  const i -  
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t u e n t .  T h e  phenol ic  f r a c t i o n  i s  abou t  25% o f  t h e  to ta l  we igh t  o f  o i l .  T h e  hetero-  
aromatic f ract ion,  22%, conta ins few  components w i t h  more t h a n  t h r e e  r i n g s .  It is  
l a rge l y  composed o f  naphthalene a n d  naphthalene de r i va t i ves ,  p r o b a b l y  some 
aromatic e thers,  n e u t r a l  o r  s l i g h t l y  ac id i c  n i t r o g e n  compounds and  a l l  o f  t h e  s u l f u r  
compounds. T h e  h y d r o c a r b o n  f r a c t i o n  i s  t h e  major f rac t i on ,  48%. I t  has  no 
func t i ona l i t y  as t h e  e lementary ana lys i s  shows n o  0, N o r  S. T h i s  f r a c t i o n  is 
a l iphat ic  in n a t u r e  w i t h  some benzenoid subs t i t uen ts .  

I 

I n  add i t i on  t o  t h e  obse rved  y i e l d  d i s t r i b u t i o n  approach ing  a cons tan t  value, 
wh ich  i s  one ind i ca t i on  o f  l ine-out ,  b y  mon i to r i ng  t h e  aromatic t o  a l iphat ic  p ro ton  
r a t i o  as a f u n c t i o n  o f  recyc le  pass number  w i t h  IR o r  NMR spec t romet ry ,  the 
approach t o  cons tan t  composit ion can  b e  determined.  
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TABLE 1. - Analyses of Coal for 
Beulah 3 ,  North Dakota, Lignite 

Coal Analysis (GF-79-2147) 
Basis of reported analysis: Moisture- and 

As-received Moisture-free ash-f ree 

Proximate analysis, pct.: 
Moisture .................... 29.48 
Volatile matter ............. 30.21 
Fixed carbon ................ 29.58 

-- 
42.84 
41.94 

-- 
50.53 
49.47 -- Ash ......................... 10.73 15.22 

TOTAL ..................... 100.00 100.00 100.00 

Ultimate analysis, pct.: 
Hydrogen .................... 6.20 
Carbon ...................... 42.87 
Nitrogen .................... 0.48 
Oxygen ...................... 37.91 
Sulfur ...................... 1.81 

4.15 
60.79 

0.68 
16.59 
2.57 

4.89 
71.71 

0.80 
19.57 

3 .03  -- Ash ......................... 10.73 15.22 
TOTAL ..................... 100.00 100.00 100.00 

$c An "atypical" Beulah Lignite chosen specifically for its high ash content. 

TABLE 2.  - Capillary G . C .  analysis of LO 28-14 fractions 

Fraction B Components 

- > 1% 0.5-1.0% 0.25-0.5% Total 
Basic 12 7 21 48 
Phenolic 26 23 10 84  
Hete roaromat ic 21 18 19 124 
Hydrocarbon 26 14 20 121 
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TABLE 3.  - Elemental a n a l y s i s  of  l i g h t  o i l  28-14 
and i t s  f r a c t i o n s  based on LO a s  100% 

% C  % H  - % O  - % N  - xs - 

28-LO-14 84.34 10.69 0 .37  3.70 0.22 0.23 

-- Basic  19.94 2.64 0.09 3.35 0.01 
Phenol ic  19.77 2.49 0 .25  0.03 0.01 
Heteroaromatic  22.38 2.21 0.035 0.32 0.20 
Hydrocarbon 22.26 3.35 0.001 0.00 0.01 

-- 
-- 
-- 

TABLE 4 .  - 'H NMR a r e a s  f o r  28-LO-14 
and f r a c t i o n s ,  CDCl , ,  TMS 

J 

F r a c t i o n  % Har % H a  % Ho % Hphe 
(8.8-ppm) (4-1.9ppm) (1.9-0.3 ppm) ( v a r i e s  ) 

28-LO- 14 23.1 
Basic  f r a c t i o n  34.1 
Phenol ic  f r a c t i o n  31 .3  
Heteroaromic 

f r a c t i o n  48 .1  
Hydrocarbon 

f r a c t i o n  15.3 

23.0 
3 4 . 1  
32 .3  

29 .O  

19.0  

5 3 . 3  
31.8 
25.9 

22.5 

65.7 

-- 
( p a r t  of Har) 

10.5 

TABLE 5 .  - I n t e g r a t e d  13C a r e a s  f o r  LO 28-14 and f r a c t i o n s  

F r a c t i o n  Car /Cto ta l  Car/Cal iph 

LO 28-14 0 .45  
Basic  f r a c t i o n  0.56 
Phenol ic  f r a c t i o n  0.66 
Heteroaromatic  f r a c t i o n  0.81 
Hydrocarbon 0 .33  

0.83 
1.30 
1 .93  
4.24 
0.49 
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LIGHT OIL 28-14 (IN PENTANE) 

1 
I 

PRUEOUS 
I 

PENTANE 
NEUTRALIZE */Noon 

EVAP 1 PENTANE EXTR., CHzCI2 1 IN N d H  

FIGURE 1. - Separation and recovery o f  t he  l i g h t  o i l  f r ac t i on  
by ex t rac t i on  

IU CPU Light Oil UV Spectra 
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FIGURE 2. - UV Spectra o f  LO 28-14 and f rac t i ons  
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FIGURE 3. - Fourth derivative UV of light oil 28-14 and fractions 
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FIGURE 4. - 200 MHz H NMR o f  light oil 28-14, a) phenolic fraction, 

b) heteroaromatic fraction 
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FIGURE 5. - 50 MHz 13C NMR of the aliphatic and aromatic regions of 
light oil 28-14 (without NOE, Cr(AcAc)3, CDCl,), a) basic 
fraction, b) phenolic fraction - 
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FIGURE 6. 

Shift ( ppm) 

50 Mz 1 3 C  N M R ,  
proton decoupled i n  CDCl b )  a1 ipha t ic  and aromatic regions 
of the hydrocarbon fract!;n (without NOE, Cr(AcAc)3, C D C 1 3 ) ,  
o f  l i g h t  o i l  28-14 

a )  of t he  heteroaromatic f r ac t ion ,  completely 
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ORGANIC S T R U C T U R A L  S l U D I E S  OF L I G N I T E  COAL T A R S  

Dav id  J. Mi l ler ,  Jacque lyn  K .  Olson, a n d  Haro ld  H .  Schober t  

G r a n d  F o r k s  E n e r g y  Techno logy  Cen te r  
U.S. Depar tmen t  o f  E n e r g y  

B o x  8213, U n i v e r s i t y  Stat ion 
G r a n d  Fo rks ,  ND 58202 

INTRODUCTION 

T h e  Grand  F o r k s  E n e r g y  Techno logy  C e n t e r  i s  ope ra t i ng  a 900 k g / h r  s lagging 
f i xed -bed  gas i f icat ion p i l o t  p l a n t .  T h e  p i l o t  p l a n t  was insta l led in 1958 a n d  was 
f i r s t  operated until 1965 (1). T h e  renewed i n t e r e s t  in p r o d u c i n g  s y n t h e t i c  na tu ra l  
gas a n d  t h e  env i ronmenta l  conce rns  associated w i t h  commercial-scale gas i f icat ion 
fac i l i t i es  l ed  t o  resumpt ion  o f  ope ra t i ons  o f  t h e  G r a n d  F o r k s  gas i f icat ion p i l o t  p lan t  
in 1976. A major ob jec t i ve  o f  t h e  renewed gasi f icat ion p rog ram was to  u t i l i ze  t h e  
gas i f i e r  t o  acqu i re  env i ronmen ta l  assessment da ta  f o r  a v a r i e t y  o f  l ow- rank  coals 
(2). O f  p a r t i c u l a r  i n t e r e s t  was t h e  i den t i f i ca t i on  a n d  character izat ion o f  e f f l uen ts .  
I t  has  been shown t h a t  t a r  composit ion can  b e  co r re la ted  w i t h  t h e  chemical 
p roper t i es  o f  t h e  l i g n i t e  gas i f i ed  (3) .  A deta i led u n d e r s t a n d i n g  o f  t h e  chemical 
composit ion a n d  s t r u c t u r e  o f  e f f l uen ts ,  such  as coal t a r ,  i s  o f  two - fo ld  importance. 
F i r s t ,  such unders tand ing ,  when  coupled w i t h  i n fo rma t ion  abou t  react ion condi t ions 
such  as tempera tu re  a n d  p a r t i a l  p r e s s u r e  o f  hyd rogen ,  p rov ides  c lues f o r  deduc ing  
s t r u c t u r a l  re la t i onsh ips  in t h e  l i gn i tes .  Second, knowledge o f  t h e  t a r  composit ion 
also p rov ides  gu idance  f o r  d e s i g n i n g  down-st ream e f f l u e n t  t rea tmen t  o r  b y - p r o d u c t  
r e c o v e r y  unit operat ions.  

A prev ious  pub l i ca t i on  (4)  p resen ts  da ta  o n  t h e  low-vol tage mass spect rometr ic  
analys is  o f  n i n e  t a r  samples, obta ined f rom t h e  gas i f icat ion o f  f o u r  l o w - r a n k  coals a t  
a v a r i e t y  o f  gas i f icat ion condi t ions.  Ex tens i ve  s ta t i s t i ca l  analys is  o f  t h e  data, 
s imi lar  t o  t h a t  p resen ted  he re ,  showed t h a t  t h e  major f ac to rs  a f fec t i ng  on  t a r  
composit ion a r e  t h e  p a r t i a l  p r e s s u r e  of h y d r o g e n  a n d  t h e  res idence t ime o f  t h e  coal 
in t h e  gas i f i e r .  These r e s u l t s  agree w i t h  conclus ions developed in o the r  
laborator ies (5). T h e  success obta ined in d e r i v i n g  these  re la t ionships f rom t h e  
mass spect rometr ic  analyses and  t h e  agreement  w i t h  known behav io r  o f  o the r  
systems led  t o  t h e  p r e s e n t  s t u d y  in wh ich  a t ten t i on  was focused o n  t w o  t a r  samples 
obta ined f r o m  t h e  gas i f icat ion o f  s imi lar  l i gn i tes  u n d e r  i den t i ca l  condi t ions.  T h e  
r e s u l t s  r e p o r t e d  h e r e  a r e  compared w i t h  da ta  f r o m  o t h e r  laborator ies t o  suggest  
re la t ionships between t a r  composit ion and poss ib le  s t r u c t u r a l  f ea tu res  in t h e  pa ren t  
l i gn i tes .  

EXPERIMENTAL 

Sample Preparat ion 

Samples of as-received gas i f i e r  t a r  were d i s t i l l e d  a t  reduced  p ressu re  t o  
remove wa te r  and  vo lat i le  light o i ls .  Sa tu ra te  determinat ions were  per formed b y  
co lumn chromatographic  e lu t i on  w i t h  hexane f rom n e u t r a l  alumina. Fract ions f o r  
high resolut ion mass spect roscopic  analys is  were  p r e p a r e d  by a method p rev ious l y  
desc r ibed  (6). 

Mass Spectrometry  (HRMS and  LVMS) 

The  ins t rumen t  used  was a n  AEI MS-30* single-beam h igh - reso lu t i on  mass 
spect rometer  i n te r faced  w i t h  a DS-50 da ta  system. Approx ima te l y  1 mg o f  gross 
sample o r  o f  column ch romatog raphy  f r a c t i o n s  was in t roduced  i n t o  t h e  mass spect ro-  
me te r  u s i n g  an  a l l -g lass heated i n l e t  system o p e r a t i n g  a t  -KOO°C. Source temp- 
e r a t u r e  was 3OO0C, t h e  i on  sou rce  p r e s s u r e  was 2 . 0 - 2 . 7 ~ 1 0  . Pa a n d  t h e  ion iz ing 
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Voltage was 70 eV. A medium resolut ion spec t rum (8000-9000 reso lv ing  power)  Was 
obta ined f o r  each f r a c t i o n  and  f o r  t h e  g r o s s  sample f o r  molecular formula 
assignment. 

Quan t i t a t i ve  data was obta ined by lower ing  t h e  ion izat ion potent ia l  t o  10 eV (7) 
and  decreasing t h e  reso lu t i on  t o  1500. A minimum o f  s i x  scans a r e  averaged and 
ca l i b ra t i on  w i th  known hyd roca rbons ,  o x y g e n  compounds a n d  n i t r o g e n  compounds 
was used t o  calculate concentrat ions f r o m  t h e  low-vol tage i n t e n s i t y  data.  

Gas Chromatography - Mass Spec t romet ry  (GC-MS) 

Materials were  analyzed by GC-MS u s i n g  a Var ian  2740 gas chromatograph 
coupled w i t h  a DuPont  21-4918 mass spect rometer .  A 1.2 m x 2 mm i.d. glass 
column packed w i t h  3% OV-17 on 80/100 Supe lcopor t  was used  f o r  compound 
separation. T h e  hel ium c a r r i e r  gas f low r a t e  was 30 ml /min a n d  t h e  column 
temperature was programmed f r o m  70-300°C a t  G°C/min. GC peak  areas were 
determined us ing  a Spec t ra  Phys ics System I compu t ing  i n t e g r a t o r  and  response 
factors  were measured w i t h  app rop r ia te  p u r e  s tandards .  T h e  ion  source was a t  
250°C and ion iz ing vo l tage was 70 eV .  

* Reference t o  speci f ic  b r a n d  names o r  models i s  done t o  fac i l i t a te  unders tand ing  
a n d  ne i the r  const i tu tes n o r  implies endorsement  b y  t h e  Depar tment  o f  E n e r g y .  

RESULTS A N D  CONCLUSIONS 

T h e  mass spect rometr ic  analys is  o f  t a r s  f rom t h e  gas i f icat ion o f  t w o  Nor th  
Dakota l ign i tes,  I n d i a n  Head ( I H )  a n d  Baukol-Noonan (BN),  p r o v i d e  t h e  basis f o r  
t h i s  s t u d y .  T h e  as-received p rox ima te  analyses o f  t hese  coals a r e  n e a r l y  ident ica l  
as shown in Table 1. T h e  u l t imate analyses, also shown in Tab le  1, ind i ca te  t h a t  
I nd ian  Head l i g n i t e  has a much lower  ca rbon /hyd rogen  atomic r a t i o  t h a n  does 
Baukol-Noonan l ign i te ,  1 . 2  and  2.3 respec t i ve l y .  However ,  t h e  maf o x y g e n  and 
n i t r o g e n  content  o f  t hese  coals a r e  n e a r l y  ident ica l .  T h e  o p e r a t i n g  condi t ions f o r  
gasif iSation o f  t h e  t w o  l i gn i tes  were n e a r l y  ident ica l :  2.1 MPa o p e r a t i n g  p ressu re ,  
170 m /hr oxygen  feed rate,  1.0 oxygen/steam molar ra t i o ,  a n d  41 minutes average 
coal residence t ime.  T h e  two  tes ts  f r o m  wh ich  these  samples were obta ined a re  
RA-52 ( I H )  and RA-66 (BN)  in t h e  c u r r e n t  gas i f i ca t i on  p rog ram.  Deta i ls  o f  these 
tes ts  have been pub l i shed  e lsewhere (8) .  

Tab le  2 g i ves  t h e  low-vol tage mass spec t romet r i c  ca rbon  number  da ta  f o r  t h e  
Comparison o f  aromatic po r t i on  o f  I n d i a n  Head (35%) a n d  Baukol -Noonan (37%) t a r s .  

t h e  t a r  analyses i nd i ca te  severa l  t r e n d s .  Baukol -Noonan 

TABLE 1. - Analyses o f  coa ls  g a s i f i e d  

I n d i a n  Head Baukol-Noonan 
l i g n i t e  l i g n i t e  

Mercer Co Burke Co 
Cen t ra l ,  ND Northwest, ND 

Proximate y i a l y s e s ,  % as r e c ' d  
Mois ture-  29.1 
V o l a t i l e  ma t te r  28.0 
F i xed  carbon 34.7  
Ash 8 . 2  

3 2 . 6  
26 .5  
3 4 . 6  

6 . 3  
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Ultimate analyses, % maf 
H 
C 
N 
S 
0 (by difference) 

4 . 8  
70 .8  

0 . 9  
1 . 8  

21 .7  

2.7  
13 .1  

0 . 9  
0 . 7  

2 2 . 1  

- 1/ These values do not represent as-mined moisture because of partial 
d r y i z g  duriag storage 2 3 4  handling; 

t a r  conta ins genera l l y  l a r g e r  amounts o f  compounds w i t h  n o  s u b s t i t u t i o n  a n d  larger  
amounts o f  two- ,  t h ree - ,  and  f o u r - r i n g  compounds. I nd ian  Head t a r  genera l ly  
t ends  t o  have  more o n e - r i n g  compounds. Tab le  3 shows some o f  t h e  comparisons. 

I nd ian  Head a n d  Baukol-Noonan t a r  analyses were compared w i t h  da ta  obtained 
by Hayatsu and  co -worke rs  (9).  T h e y  r e p o r t e d  t h e  r e s u l t s  o f  gas chromatographic  
analys is  of t h e  h y d r o c a r b o n - r i c h  f r a c t i o n  o f  3: 1 benzene/methanol ex t rac t i on  of 
Decker  l i gn i te .  T h e i r  chromatograms i d e n t i f i e d  approx imate ly  25 compounds isolated 
f rom t h e  l i g n i t e  e x t r a c t .  T h e  mass spect rometr ic  analys is  o f  t h e  gas i f i e r  t a r  
conta ins 17 o f  t h e  same compound t y p e s ,  based o n  2 number  and  molecular weight  
matches. T h e  major d i f f e r e n c e  between t h e  l i g n i t e  e x t r a c t  a n d  t h e  gas i f ier  t a r  i s  
t h a t  t h e  l a t te r  lacks t h e  highly s u b s t i t u t e d  compounds, such  as C benzenes o r  C5 
te t ra l i ns .  T h i s  d i f f e rence  i s  expec ted  when  condi t ions u n d e r  &?ich t h e  samples 
were p roduced  a r e  t a k e n  i n t o  account  s ince it is  genera l l y  cons idered t h a t  al iphatic 
s ide chains a r e  vu lne rab le  t o  thermal  c leavage during coal t a r  format ion (IO). 

Rank ing  compounds in gas i f i e r  t a r  by q u a n t i t y  f o u n d  p rov ides  a corre la t ion 
w i t h  pub l i shed  da ta  f o r  t h e  the rma l  s t a b i l i t y  o f  va r ious  po lynuc lea r  aromatic 
hyd roca rbons .  Sharkey  and  c o - w o r k e r s  (11) determined t h e  thermal  s t a b i l i t y  of 20 
compounds f rom t h e  p r o d u c t  r a t i o  of t h e  l i qu id -phase  p y r o l y s i s  o f  po lynuclear  
aromatic hyd roca rbons .  Tab le  4 shows t h e  comparison between t h e  publ ished 
thermal  s tab i l i t y  r a n k i n g  a n d  q u a n t i t i e s  obse rved  in I n d i a n  Head gas i f i e r  t a r .  

I n  genera l ,  o n l y  those compound t y p e s  t h a t  could b e  i den t i f i ed  unambiguously  
a re  i nc luded  in t h e  tab le.  F o r  example, compounds w i t h  a Z number  o f  -16 may be 
f luorenes o r  acenaphthalenes; and  t h e r e f o r e  a re  n o t  i nc luded  in t h e  tab le .  A n  
except ion i s  2 ,6-d imethy lnaphthalene (Z= -12, MW=156); a l t hough  a n  unambiguous 
assignment was n o t  made, t h e  2,6-isomer i s  r e p o r t e d  t o  be  more s tab le t h a n  some 
o t h e r  d imethy lnaphthalenes (12) and i s  one o f  o n l y  t w o  isomers r e p o r t e d  in low 
tempera tu re  carbonizat ion t a r  in an e x t e n s i v e  compilat ion (13). T h e  s imi lar i ty  o f  
t a r  f r o m  t h e  GFETC gas i f i e r  t o  t h a t  o f  o t h e r  low- temperature carbonization 
processes has  been shown p r e v i o u s l y  (14). 

Since unequivocal  i den t i f i ca t i ons  w e r e  I l o t  made as a p a r t  o f  t h e  s t u d y  repor ted 
here,  no  a t tempt  was made t o  co r re la te  these compounds w i t h  o t h e r  da ta .  The 
Spearman r a n k  co r re la t i on  (15) f o u n d  f o r  t h i s  r a n k i n g  was 0.725; a va lue o f  t h i s  
magn i tude  could occu r  by chance w i t h  less t han  0.01 p r o b a b i l i t y .  

T h e  t a r  samples used  in t h i s  s t u d y  were chosen f r o m  tes ts  a t  identical 
gasif icat ion condi t ions t o  el iminate t h e  e f fec ts  o f  ope ra t i ng  condi t ions on tar 
composit ion wh ich  have  been r e p o r t e d  p r e v i o u s l y  (16). T h e  major d i f ference 
between t h e  t w o  l ign i tes,  c a r b o n / h y d r o g e n  rat io ,  ind icates t h a t  Baukol -Noonan has 
a more aromatic n a t u r e  t h a n  does I n d i a n  Head l i gn i te .  Thermal  c r a c k i n g  of these 
coals d u r i n g  gas i f icat ion r e s u l t s  in d i s t i n c t l y  d i f f e r e n t  t a r s .  Baukol -Noonan l ign i te  
produces a more aromatic t a r ,  p resumab ly  as a r e s u l t  o f  t h e  i n i t i a l  loss o f  smaller 
a l iphat ic  u n i t s  d u r i n g  carbonizat ion.  A n  ind i ca t i on  o f  t h i s  react ion may be the 
g r e a t e r  amounts o f  methane p r o d u c e d  during t h e  gas i f icat ion o f  Baukol-Noonan 
l i g n i t e  as compared to lnci iar i  i i e a d  l i g n i t e  (Tab le  5). It has been shown p r e v i w s l y  
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TABLE 3. - Comparison of Indian Head and Baukol-Noonan tars 

1 Ring 
-6 92 

106 
120 

-8 132 
146 
160 

- 10 130 

2 Ring 
-12 128 

142 
156 

-14 154 
168 
182 

-16 152 
166 
180 

3 Ring 

4 Ring 

-18 

-22 

-24 

178 
192 
206 

202 
216 
228 
242 

IH (%I 

0.2 
0 .2  
0 .4  
0.7 
1.3 
1.1 
0.3 

3.0 
2.2 
1.3 
0.8 
0.6 
0.5 
2.0 
2.8 
0.7 

2.3 
0.9 
0.6 

1.8 
0.6 
0.6 
0.2 

0.2 
0.2 
0.3 
0.6 
0.9 
1.0 
0.2 

0.6 
1.2 
1.2 
0 .9  
0.7 
0.6 
1 . 7  
3.0 
0.9 

3.2 
1.2 
0 . 9  

2.4 
0.8 
0.7 
0.3 
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II 

J Compound 

TABLE 4. - Comparison of thermal stability with 
observed quantity in Indian Head tar 

Thermal stability 
ranking 

Naphthalene 
E‘yrene 
C hrys ene 
2 - Methylphenanthrene 
Acenaphthene 
1 - Phenylnaphthalene 
2,6 - Dimethylnaphthalene 
a - Methylnaphthalene 
1,2 - Diphenylethane 
Dihydroanthracene 
1 - (0-tolyl) - Naphthalene 
Indene 
Indane 

Quantity observed in 
Indian Head tar 

Rank Quantity 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

3.00 
1.81 
0.59 
0.91 
0.83 
0.47 
1.34 
2.16 
0.48 
0.69 
0.31 
0.00 
0.07 

TABLE 5. - Analyses of hydrocarbons in product gas 

IH - 

Component (%) 

CH4 

C2H4 

C2H6 

C3H6 

C3H8 

‘qH1O 
Total HC’s 

5 .1  

0.2 

0.3 

0.1 

0.0 

0.0 

5.7 

R a n k  
1 
3 
8 
5 
6 

10 
4 
2 
9 
7 

11 
13 
12 

BN 

6.0 

0.2 

0.3 

0 .1 

0.0 

0.0 

6.6 
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(17) b y  two-s ided comparison o f  t h e  means t h a t  t h e  d i f f e rence  i s  stat is t ica l ly  
s ign i f i can t  a t  t h e  95% confidence leve l .  Conversely ,  I nd ian  Head l i gn i te ,  a more 
a l iphat ic  coal, p roduces  a t a r  cons i s t i ng  o f  p r i m a r i l y  small and  highly subs t i t u ted  
aromatic compounds. T h i s  i s  poss ib l y  d u e  t o  cleavage o f  h y d r o  aromatic un i t s  in 
t h e  coal a t  methy lene b r i d g e s  a n d  react ions w i t h  avai lab le hyd rogen .  

T h e  good co r re la t i on  between t h e  quan t i t i es  o f  compounds in I n d i a n  Head t a r  
and  t h e  therma!  s tah i ! i t ies  o f  those compounds ind icates t h a t  t h e  o rgan ic  u n i t s  fwnd 
in t h e  t a r  a r e  t h e  s u r v i v o r s  o f  t he rma l  deg rada t ion  processes in t h e  gas i f i e r .  A t  
t h e  same time, however ,  t h e  re la t i onsh ips  between t h e  compound t y p e s  in t h e  t a r  
and  those obta ined f r o m  mi ld  so l ven t  e x t r a c t i o n  condi t ions sugges t  t h a t  t h e  
molecular s t r u c t u r e s  in t h e  t a r  a r e  determined n o t  o n l y  by thermal  processes b u t  
also by s t r u c t u r a l  re la t i onsh ips  in t h e  p a r e n t  l i gn i te .  

Since t a r  s t r u c t u r e s  v e r y  l i k e l y  r e f l e c t  coal s t ruc tu res ,  d i f f e rences  in t h e  t a r  
analyses can b e  re la ted  t o  s t r u c t u r a l  d i f f e rences  in t h e  coals. T h e  development o f  
an  unders tand ing  o f  t h e  e f fec t  o f  t h e  molecular f rameworks  in coal and  t h e  l ike ly  
mechanisms o f  t a r  format ion w i l l  ass i s t  in assessing a n d  p r e d i c t i n g  t h e  chemical 
n a t u r e  o f  such  e f f l uen ts .  
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!NTRODUCT!?N 
The r a p i d  d e p l e t i o n  o f  gaseous and l i q u i d  f o s s i l  f u e l s  has focused a t t e n t i o n  

on t h e  problems assoc ia ted  w i t h  u s i n g  t h e  e x i s t e n t  v a s t  q u a n t i t i e s  o f  coal -substances 
f o r  e q u i v a l e n t  purposes, e.g. t h e  p r o d u c t i o n  o f  energy and as a source o f  u s e f u l  
carbon compounds. A l though  o u r  p r i m a r y  i n t e r e s t  he re  i s  i n  t h e  l a t t e r  area, t h e  
ideas presented may have u s e f u l  i m p l i c a t i o n s  i n  c e r t a i n  aspects  o f  t h e  former.  

ammonia as a means t o  s o l u b i l i z e  r e l a t i v e l y  l a r g e  f r a c t i o n s  o f  coal -substances a t  
low temperatures and thereby p r o v i d i n g  (1) a method o f  o b t a i n i n g  p o t e n t i a l l y  use fu l  
ca rbon-con ta in ing  compounds d i r e c t l y  and ( 2 )  i n f o r m a t i o n  on t h e  chemical  n a t u r e  of 
t h e  o r i g i n a l  coal -substance.  

The Chemical Na tu re  o f  Coal-Substances 
t h a t  coal -substances o r i g i n a t e d  p r i m a r i l y  f rom 

p l a n t s  through a s e r i e s  o f  e v o l u t i o n a r y  changes. The p l a n t  m a t t e r  i s  t rans fo rmed  
s e q u e n t i a l l y  i n t o  humic ac id ,  peat ,  l i g n i t e ,  subbi tuminous coa l ,  b i t um inous  coa l ,  
and a n t h r a c i t e .  Dur ing  t h i s  s e r i e s  o f  t r a n s f o r m a t i o n s ,  t h e  carbon c o n t e n t  increases 
w h i l e  t h e  oxygen con ten t  decreases. 
substances i s  unknown ( i ndeed  i t  may be unknowable i n  t h e  chemical sense) 
i t  may be d e r i v e d  f rom a v a r i e t y  o f  sources by numerous combinat ions of p h y s i c a l  
and/or  chemical processes which l e a d  t o  a n e a r l y  cont inuous v a r i a t i o n  o f  m i x t u r e s  
of ca rbon-con ta in ing  ( 1 )  compounds. Nonetheless,  a comb ina t ion  o f  t echn iques  has 
l e d  t o  t h e  i d e n t i f i c a t i o n  o f  b road  c l a s s e s  o f  compounds p r e s e n t  i n  coal -substances;  
-- v iz . ,  waxes, r e s i n s ,  terpenes,  c e l l u l o s e ,  p r o t e i n ,  f l a v o n o i d s ,  t ann ins ,  l i g n i n s ,  
a1 k a l o i d s  and s t e r o l s  as deduced f rom s o l v e n t  e x t r a c t i o n  s t u d i e s ,  (2)  p recu rso rs  
of t h e  h e t e r o c y c l e  n i t r o g e n  bases, o b t a i n e d  by vacuum d i s t i l l a t i o n  o f  c o a l  t a r ,  ( 3 )  
and humic a c i d s  ( 4 ) .  A l a r g e  p o r t i o n  o f  carbon p resen t  i n  coa l  occu rs  i n  t h e  form 
of s a t u r a t e d  6-membered condensed r i n g  systems (napthenes)  l i n k e d  t o g e t h e r  by oxygen 
b r i d g e s  ( 4 ) .  Chemical a n a l y s i s  i n v o l v i n g  a v a r i e t y  o f  s tandard  methods (5 )  has 
shown t h a t  coal -substances c o n t a i n  -OH groups (p redominan t l y  as p h e n o l i c  u n i t s ) ,  car-  
b o x y l i c  (as me ta l  s a l t s ) ,  e the r ,  and ca rbony l  groups i n  v a r y i n g  p r o p o r t i o n s  depend- 
i n g  upon t h e  r a n k  o f  t h e  sample; n i t r o g e n  ( 6 )  i s  b e l i e v e d  t o  e x i s t  a lmos t  complete ly  
i n  c y c l i c  s t r u c t u r e s  whereas s u l f u r  (6d, 7) appears as t h i o e t h e r s  ( - S - )  o r  b i s  
t h i o e t h e r s  (-S-S-)  groups. A model s t r u c t u r e  ( 8 )  f o r  t h e  coal -substance which 
summarizes t h e  r e l a t i o n s h i p  among t h e  known f u n c t i o n a l  groups, c o n s i s t s  o f  6-7 
a romat i c  r i n g  c l u s t e r s  h e l d  t o g e t h e r  by s a t u r a t e d  carbon cha ins  (1-4 atoms l o n g ) ,  
e t h e r s ,  s u l f i d e s ,  d i s u l f i d e s  and b i p h e y l  groups; t h e  model suggests  a predominant ly  
2-d imensional  s t r u c t u r e  i n  t h e  v i c i n i t y  o f  t h e  6-7 a romat i c  r i n g s ,  b u t  t h e  i n d i v i -  
dual  a romat i c  s e c t i o n s  a r e  n o t  n e c e s s a r i l y  co-p lanar .  

The S o l v e n t  P r o p e r t i e s  o f  L i q u i d  Ammonia 

t i v e  forces which e x i s t  between s o l u t e  and s o l v e n t ,  s o l v e n t  and s o l v e n t ,  and s o l u t e  
and s o l u t e ;  t h e  a t t r a c t i v e  f o r c e s  i n  t h e  f i r s t  i n s t a n c e  f a v o r  t h e  s o l u b i l i t y  o f  one 
substance i n  another ,  whereas t h e  l a s t  two types o f  i n t e r a c t i o n s  oppose s o l u b i l i t y .  
Because of i t s  moderate d i e l e c t r i c  cons tan t ,  h i g h  d i p o l e  movement, a b i l i t y  t o  hydro- 
gen bond, and r e l a t i v e l y  h i g h  b a s i c i t y ,  l i q u i d  ammonia i s  a remarkably  v e r s a t i l e  
s o l v e n t  ( 9 ) .  
prodace s o l i i b l ?  p r o d x t s  a l s o  p r o v i d e s  an a d d i t i o n a l  advantage i n  t h e  s o l u b i l i z a t i o n  
processes. 

The genera l  s t r a t e g y  i n v o l v e s  u s i n g  t h e  unusual s o l v e n t  p r o p e r t i e s  o f  l i q u i d  

It i s  g e n e r a l l y  conceded 

The p r e c i s e  chemical compos i t i on  o f  c o a l -  
because 

S o l u b i l i t y  i n  a two-component system i n v o l v e s  a c o n s i d e r a t i o n  o f  t h e  a t t r a c -  

The p o t e n t i a l  o f  ammonia t o  r e a c t  w i t h  c e r t a i n  f u n c t i o n a l  groups t o  

264 



A consideration (9)  of the  polar i ty  of the  ammonia molecule a s  well a s  
the dispersion forces generated by i t  suggest t h a t  amnonia should be a good solvent 
f o r  covalently bound polar groups. In addition, arguments (9 )  based on internal 
pressure considerations (10) ind ica te  t h a t  aromatic hydrocarbons and molecules 
containing polarizable atoms should exhib i t  a reasonable degree of so lub i l i t y  i n  
l iqu id  ammonia. Molecules which contain highly polar functional groups such as  
the carbonyl moiety (aldehydes, ketones, acid amides, and e s t e r s )  t h a t  can in t e rac t  
Strongly w i t h  the solvent dipole might be expected to  in t e rac t  strongly with ammonia. 
In addition, a n  enhancement of so lub i l i t y  would be expected i n  the  presence of groups 
which can form hydrogen bonds t o  ammonia ( X - H  
secondary amines) o r  be hydrogen-bonded by amnoni!Hfi - - e H N H 2 ,  e.g., e thers ,  
t e r t i a r y  amines, oxygen functions,  and nitrogen heterocycles).  
possessing acidic hydrogen atoms such a s  carboxylic acids o r  phenolic groups reac t  
with l iqu id  ammonia t o  form ammonium s a l t s  which should be soluble i n  l iqu id  amnonia. 

The so lub i l i t y  principles developed here a re  i l l u s t r a t e d  by the data suma- 
rized i n  Table 1; these data a re  se lec ted  examples of a more extensive se r i e s  ava i l -  
able ( 9 ) .  

of dissolving subs tan t ia l  f r ac t ions  of coal substances i n  l iqu id  ammonia under mild 
conditions using Rockdale (Texas) l i g n i t e  f o r  our preliminary experiments. 

EXPERIMENTAL 

l iqu id  ammonia i s  shown in Figure 1. 
a Whatrnan extraction thimble which i s  then sealed by a s t a p l e ,  Sealing the extraction 
thimble prevents accidental mixing of the  so l id ,  unextracted l i g n i t e  w i t h  amnonia. 
The thimble i s  placed in a conventional Soxhlet ex t rac tor ;  a condensing Dewar placed 
on top of the Soxhlet ex t rac tor  and an empty f lask  placed below. T h e  e n t i r e  appara- 
tus i s  purged with anhydrous gaseous ammonia; then a dry i ce  slush i s  added to the  
Dewar condenser on top, allowing the ammonia t o  condense and dr ip  from the Dewar 
condenser onto the sample in the  thimble. 
layer of i ce  condenses on the  outside of the apparatus. 
extraction i s  complete (25% by weight) f o r  ca. 100 mesh samples. Extraction was 
conducted on samples weighing u p  t o  50 grams. 

ammonia solution, and the  brown-black ammonia solution were l e t  stand i n  a i r  un t i l  
only so l id  residue remained. 
we term "treated l i gn i t e " ,  whereas t h a t  which dissolved in  the ammonia we term the  
ammonia extract .  

were obtained us ing  an NT200 spectrometer. 

both Beckman IR5A and Beckman IR9 spectrometers. 

e.g. alcohols,  primary, and 

Lastly,  molecules 

I t  i s  from this point of view t h a t  we decided t o  inves t iga te  the poss ib i l i ty  

The apparatus used f o r  ex t rac t ion  of Rockdale (Texas) l i g n i t e  with pure 
The l i g n i t e  ground t o  100 mesh i s  placed in  

As ext rac t ion  continues, an insulating 
After s i x  to  ten hours the  

After ex t rac t ion  of the l i g n i t e  was complete, the  prec ip i ta ted  t a r  from the 

The l i g n i t e  remaining in the extraction thimble .(75%) 

Proton magnetic resonance spectra on d6-DMS0 solutions of the ammonia ex t rac t  

Infrared spectra of the samples prepared a s  KBr pe l l e t s  were obtained with 

Elemental analysis was conducted a t  Schwarzkopf Microanalytical Laboratory, 
Inc. 

OBSERVATION AND RESULTS 
The addition of ammonia gas t o  the  system described in Figure 1 led to  

warming of the l i g n i t e  sample. Later,  when the f i r s t  drops of l iqu id  amnonia f e l l  
on the  l i gn i t e , - the  outside of the  Soxhlet ex t rac tor  became qui te  h o t .  I t  was a t  
th is  time tha t  spa t te r ing  of the  l i g n i t e  sample took place in open extraction thimbles 
which led us to the current method of sea l ing  the  thimbles. After about 10-20 
minutes, the Soxhlet ex t rac tor  was cooled by the l iquid ammonia t o  below room tempera- 
ture. 
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An extraction was attempted a t  room temperature using a pressure bomb. 
After several days, the mixture was f i l t e r e d  a t  room temperature, yielding 26% 
ext rac t  and 74% sol id  residue ( t r ea t ed  l i g n i t e ) .  
from extraction a t  -33OC was a brown powder; the so l id  obtained a t  room temperature 
was black and lustrous.  However, when the  -33oC ammonia ex t r ac t  was dissolved in 
DMSO, which was then allowed t o  slowly evaporate, the appearance o f  the resu l t ing  
product was ident ica l  t o  the  room temperature reaction. 

p r ~ l i x i ~ a r y  Gc-mass spectrcscopic d a t a  indicated t h a t  the  DMSO soluble 
ex t r ac t  contains well over 100 compounds, none of which could be resolved su f f i -  
c ien t ly  for  ident i f ica t ion .  
t ions a t  7.5, 1 . 2  and 0.9 T (downfield from TMS). The r a t i o  of the area of the 
7.5 T absorbance to the  sum of the areas of the  1.2 T and 0.9 T absorbances, which 
i s  usually assigned as the r a t i o  of a l ipha t i c  t o  aromatic protons, was -1.3 f o r  the 
ammonia-soluble f rac t ion .  

Elemental analysis (Table 2)  suggests t h a t  a t  l e a s t  some components i n  the 
l i g n i t e  react with l iqu id  ammonia, since both the ex t rac t  and the t rea ted  l i g n i t e  
exhib i t  increased nitrogen content as well as increased atomic H / C  r a t io s .  The 
increased content of sulphur in the ex t r ac t  suggests preferen t ia l  ex t rac t ion  of 
those portions of the l i g n i t e  with a high hetero-atom content. 

The so lub i l i t y  behavior of the t rea ted  l i g n i t e  and the  ammonia ex t rac t  
shows gross differences from the  so lub i l i t y  behavior of the untreated l i g n i t e .  
The untreated l i g n i t e  and t rea ted  l i g n i t e  a re  not t o t a l l y  so luble  i n  any solvent 
attempted, b u t  they a re  both par t ly  soluble i n  pyridine. 
enhanced so lub i l i t y  in DMSO and dimethylformamide, which a r e  considered good solvents 
fo r  high molecular weight substances. The ammonia ex t r ac t  i s  a t  l e a s t  par t ly  soluble 
a t  room temperature i n  a l l  solvents tes ted  except water. 

Whereas the so l id  ex t rac t  obtained 

Pro ton  magnetic resonance spectroscopy revealed absorp- 

The t rea ted  l i g n i t e  has 

DISCUSSION 

experiments i s  the  so lub i l i t y  cha rac t e r i s t i c s  o f  functional g roups  i n  ammonia. We 
might expect t h a t  the lower rank coal-substances l i k e  l i g n i t e ,  which have a higher 
oxygen content, presumably in the  form o f  functional groups t h a t  enhance so lub i l i t y ,  
would have a moderate s o l u b i l i t y  i n  anmionia. Another consideration i s  the a b i l i t y  
of ammonia t o  reac t  with cer ta in  functional groups, breaking a la rge  uni t  in to  two 
smaller m o i e t i T F o r  example, ammonia reac ts  with e s t e r s  (12) t o  c rea t e  alcohols 
and amides (scheme 1 )  both of which should exhib i t  high ammonia so lub i l i t y .  
e s t e r s ,  or 

As mentioned in the in t roduct iob  one important consideration i n  these 

I f  

0 
R - C 4  + R ' - O H  //o 

'0 - R '  \ N H ~  
R - C  NH3 ' 1)  

s imi la r  compounds, a re  cons t i tuents  of coa l ,  ammonia wi l l  r eac t ,  breaking the  coal 
in to  smaller fragments. 
t ion of t h i s  coal-substance provides phenols, t h u s  supporting the poss ib i l i t y  tha t  
some of the l inking groups i n  Rockdale (Texas) l i g n i t e  a r e  e s t e r s  o r  e thers .  
Further support can be inferred from the observation t h a t  a saturated DMSO solution 
of the  ammonia ex t r ac t  i s  more highly colored than a sa tura ted  solution of untreated 
l i g n i t e  i n  DMSO. T h i s  observation implies t ha t  upon ex t rac t ing  w i t h  ammonia reac- 
t ions  took place, changing the  nature of the remaining l i g n i t e  a s  well as  the  
ammonia ex t r ac t ,  and creating niore soluble moieties. 

Yasukatsu Tamai and co-workers (12,14) t rea ted  bituminous coal w i t h  l iquid 
mlmonia; no more than 4% of the  coal was ac tua l ly  extracted in to  the  ammonia a t  100- 
12CrC. 
carbon r a t io s  of from 0.55 t o  0.98. The ammonia ex t rac t  always had a s ign i f icant ly  
higher atomic H!C r a t i o ,  whereas the t rea ted  coal maintained apprnximately the same 

A recent study (11) on Texas l i g n i t e  showed t h a t  hydrogena- 

I t  i s  in te res t ing  t o  note t h a t  t h e  coals they used had atomic hydrogen to  
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H / C  r a t i o  as t h e  u n t r e a t e d  coa l .  The same genera l  t rends  a re  found f o r  o u r  l i g n i t e  
experiments (Table 3 ) ,  a l t hough  l i g n i t e  has a much h i g h e r  H/C r a t i o ,  t hus  perhaps 
e x p l a i n i n g  the g r e a t e r  amount e x t r a c t e d  by  ammonia. I t  shou ld  be no ted  t h a t  o u r  
method p rov ided  con t inuous  e x t r a c t i o n  o f  100 mesh p a r t i c l e s  whereas Matida, e t . a l .  
(13)  e x t r a c t e d  l a r g e r  p a r t i c l e s  by 5 success ive c o n t a c t s  o f  pure ammonia f o r  one 
hour  each. 
t he  lower  temperature i nvo l ved ,  b u t  n o t  as g r e a t  a d e v i a t i o n  as i s  observed. 
d i f f e r e n c e  must be accounted f o r  i n  t h e  chemical  d i f f e r e n c e  between l i g n i t e  and 
b i tuminous coal . 
e x t r a c t s  o f  Tamai and co-workers; i n f r a - r e d  bands a t  3300, 1720 and 1660 cm-l a r e  
c h a r a c t e r i s t i c  o f  t h e  ammonia e x t r a c t  o b t a i n e d  f r o m  coa l .  
methanol so ub le  p o r t i o n  o t h e  e x t r a c t  has broad bands a t  1640 cm-l w i t h  a shoulder  

A p r i o r i ,  o u r  method would be expected t o  e x t r a c t  more t h a n  t h i s  even a t  
The 

There a r e  s i m i l a r i t i e s  t o  o u r  l i gn i te -ammon ia  e x t r a c t  and t h e  coal-ammonia 

In o u r  exper iment  t h e  

a t  1700 cm-l,  and 3400 cm- f w i t h  a shou lde r  a t  3200 cm-l; t h e  C-H s t reaches a r e  a l l  

broad band a t  14 0 CII-~, l a r g e  broad bands a t  1620 and 1700 cm-?, l a r g e  bands 
a t  2950-2980 cm- 7 and a l a r g e  broad band a t  3400 cm- . 
below 3000 cm-l. The mmonia e x t r a c t  i t s e l f  had a ng band a t  13 0 cm-l, a sma l l  

The p r imary  d i f f e r e n c e  i n  t h e  i n f r a r e d  s p e c t r a  o f  t h e  u n t r e a t e d  l i g n i t e  and 
of t h e  ammonia e x t r a c t  was t h e  growth o f  t h e  band a t  1380 cm-1 and a decrease i n  t h e  
r a t i o  o f  he igh ts  o f  t h e  bands a t  3400 cm-1 t o  those a t  2950 cm-1, i n d i c a t i n g  an 
i nc rease  of a l k y l  group hydrogens t o  hetero-atom hydrogens i n  t h e  ammonia s o l u b l e  
P o r t i o n  compared t o  t h e  t r e a t e d  l i g n i t e  p o r t i o n .  
p o r t i o n  sho ed an i n c r e a s e  i n  h e i g h t  o f  t h e  band a t  3400 cm-1 r e l a t i v e  t o  t h e  bands 

O f  course, t h e  t r e a t e d  l i g n i t e  

a t  2950 cm- '9' . 
Even though t h e  i n f r a r e d  r e s u l t s  seem t o  i n d i c a t e  an i nc rease  i n  t h e  a l i -  

p h a t i c  con ten t  o f  t h e  ammonia e x t r a c t  r e l a t i v e  t o  t h e  OH and NH con ten t ,  t h e  NFlR 
r e s u l t s  i n d i c a t e  more a romat i c  p ro tons  than  a l i p h a t i c .  

CONCLUSIOI 

separated i n t o  i t s  component m o i e t i e s  by  t rea tmen t  w i t h  l i q u i d  ammonia. 
ness o f  l i q u i d  ammonia t o  b e t t e r  i d e n t i f y  l i g n i t e  components has been demonstrated. 
The s o l u b i l i t y  of d i f f e r e n t  c o a l s  shou ld  be f u r t h e r  tes ted ;  t h e  i d e n t i t y  o f  t h e  
species d i s s o l v e d  i n  the  ammonia shou ld  b e  more e x p l i c i t l y  i d e n t i f i e d .  
c u r r e n t l y  engaged i n  b o t h  t ypes  o f  exper iments.  
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Tab le  1 

S o l u b i l i t i e s  of S e l e c t e d  

Compounds i n  Liquid Amnonia 

S o l u b i l i t y  Reference 

Moderately S o i u b i e  a 

S l i g h t l y  S o l u b l e  a 

So lub le  a 

So lub le ,  35% b 

Misc ib l e  b 

Miscible  a 

Misc ib l e  a , c  

S o l u b l e  d 

Misc ib le  a 

Very s o l u b l e  a 

Atomic H / C  

? .e!? 

1.14 

1 .oo 

1 .oo 

1.11 

1.14 

2.50 

2.25 

1.17 

1.00 

C.  F rank l in  and C. A. Kraus, Am. Chem. J . ,  0, 820 (1838) .  

b)F. de C a r l i ,  Gazz. C h i m .  I t a l . ,  57, 347 (1927) .  

‘IC. Gore, Proc. Roy. SOC. (London) , 3, 441 (1872) .  

d )F .  A. White, A. 6 .  Morrison, and E. g .  E. Anderson, J. Am. Chem. SOC., 
- 46, 961 (1924).  



Table 2 
1 S o l u b i l i t i e s  o f  L i g n i t e  

Sol vent 
2__ 

Untreated Treated Amnonia 
L i g n i t e  L i g n i t e  E x t r a c t  

methyl sulphoxide I 2  P S 

py r i d i ne P P S ! 

acetone I I P 

methanol I I P 

water I I I 

chloroform I I P 

propylene carbonate I I P 

dioxane I I P 

a c e t o n i t r i l e  I I P 

ethylenediamine P3 I S 

n i  trobenzene I P P 

dimethyl fomami de I P S 

' A l l  s o l u b i l i t i e s  except where noted a t  room temperature. S = t o t a l l y  
soluble, ca. 1 mg. i n  ca. 1 m l ;  P = so lvent  becomes colored, but  no t  
a l l  o f  t he  l i g n i t e  dissolves; 
observed. 

' I f  the l i g n i t e  i s  maintained i n  contact  w i t h  DMSO a t  100°C., t h e  DMSO 
becomes colored. 
DMSO are much less  co lored than concentrated s o l u t i o n s  of the amnonia 
e x t r a c t  i n  DMSO. 

I = no d i s c o l o r i n g  o f  t he  so lvent  i s  

Concentrated s o l u t i o n s  o f  t h e  so lub le  l i g n i t e  i n  

3Ligni t e  appears t o  r e a c t  w i t h  ethylenediamine. 
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Table 3 

Elemental  Ana lys i s  

Samples - -  C H - N - s - Ash Atomic H/C 

Rockdale l i g n i t e  1 

Untreated l i g n i t e '  51.70 4.85 1.03 1.27 12.0 1.12 

Treated L i g n i t e  53.37 5.18 2.71 1.72 11 .8  1.16 

Amnonia E x t r a c t  46.46 5.36 4.45 2.74 9.0 1.37 

3 Mazachi coal 

Untreated coal  83.9 6.9 1 .5  - - 0.98 

Ammonia E x t r a c t  87.2 10.1 1.4 - - 1 .38  

Treated coal  4 83.0 6.0 1.9 - - 0.86 

'Rockdale (Texas)  l i g n i t e  has  been r e p o r t e d  t o  c o n t a i n  up t o  30% oxygen. 

*Analysis by Schwarzkopf Mic roana ly t i ca l  Laboratory.  

'M. Matida,  Y. Nishiyama and Y.  Tamai, Fuel 1977, 56, 177. 

40ne hour i n  l i q u i d  ammonia a t  120' C.  

50ne hour c o n t a c t  w i t h  u n t r e a t e d  c o a l .  
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EXTRACTlON APWRATUS 

FIGURE 1 .  
Rockdale (Texas) l igni te .  

The apparatus used for  extraction o f  
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PCAT RENEFICTATTON AND TTS EFFECTS ON DEVATEKINC: /LYD GASIFICATION CIIAMCTERISTICS. 
1.1.J.  Kopstein:  U.S. Departmcnt 01 hcr::y, h1;isliington. D.C.  20545; M.C. Elensinger, 

S . A .  Well, and D.V. Punwanl: I n s t i t u t e  o f  Cas Technology, Chicago, l l l i n o i s  60616. 

I n  i ts  n a t u r a l  s t a t e  p e a t  c o n t a i n s  up t o  90 wcifiht p e r c e n t  w a t e r .  T r a d i t i o n a l  meth- 
ods  o f  dewatering such  as f i l t r a t i o n  and d r y i n g  arc unacceptab le  f o r  l a r g e - s c a l e  p e a t  
u t i l i z a t i o n  on a n  economic and t e c h n i c a l  b a s i s .  Wet-carbonization, a chemical p r e t r e a t -  
ment method us ing  pea t -water  s l u r r y ,  f a c i l i t a t e s  dcwnter ing  o f  p e a t  i n  t h e  e f f l u e n t  
s l s r t y  by convent iona l  p r e s s u r e  f i l . t r a t i o n .  
dur ing  wet -carboniza t ion  y i e l d  a b e n e f i c i a t e d  product  which h a s  h i g h e r  energy v a l u e  than  
t h e  taw p e a t .  

A wet-carboniza t ion  s t u d y ,  be ing  performed a t  t h e  I n s t i t u t e  o f  Gas Technology w i t h  
f i n a n c i a l  suppor t  from t h e  Minnesota Cas  Company and t h e  U.S. Dcpartment o f  Energy, w i l l  
determine t h e  e f f e c t s  of wet -carboniza t ion  parameters  ( t e m p e r a t u r e ,  p r e s s u r e ,  and reac-  
t i o n  t ime) on t h e  dewater ing  and g a s i f i c a t i o n  p r o p e r t i e s  o f  t h e  b e n e f i c i a t e d  pea t .  Pea t  
from Hinnesota,  Maine, and North Caro l ina  w i l l  be  t e s t e d .  The s t u d y  w i l l  i n v e s t i g a t e  t h e  
e f f e c t s  of r e a c t i o n  c o n d i t i o n s  upon t h e  1 )  energy vnlue.  2 )  g a s i f i c a t i o n  c h a r a c t e r i s t i c s ,  
and 3) mechanical dewater ing  c h a r a c t e r i s t i c s  o f  wet-carbonized p e a t .  
of the  s tudy  is  to  i d e n t i f y  wet -carboniza t ion  r e a c t i o n  c o n d i t i o n s  which permit mechanical 
weight.  More s e v e r e  Condi t ions  f u r t h e r  enhnncc t h e  energy v a l u e  2nd dewater ing  c h a r a c t e r  
i s t i c s  of b e n e f i c i a t e d  p e a t ,  h u t  would a d v e r s e l y  a f f e c t  t h e  thermal  e f f i c i e n c y  o f  i n t e -  
g r a t e d  pea t  g a s i f i c a t i o n ,  l i q u e r a c t i o n ,  and d i r c c t  combustion f a c i l i t i e s ;  

Decarboxyla t ion  and d e h y d r a l i z a t i o n  r e a c t i o n s  

One o f  t h e  g o a l s  
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EISETICS XVD CORfiELATIONS FOR PEAI IIYDKOrYROLYSIS. S.A.  Well, D.V. I’unwani: I n s t .  
of (:as Tecl inology,  Ch icago  60616; M.J. E d p s t e l n :  U.S. Dcpt .  o f  Energy,  Washington,  

D . C .  2 0 5 i 5 ;  and A.M. Radc r :  Minneso ta  Cas Conpmy,  M i n n e a p o l i s  5 5 4 2 6 .  

Tlic k i n e t i c s  and c o r r e l a t i o n s  f o r  ra tc  2nd e x t e n t  of c o n v e r s i o n  o f  p e a t  to  c a r b o n  
owidcs and  l i g h t  l i yd roca rhons  d u r i n g  I iyd ropyrd lyS iS  h a v e  been  ex tended  t o  c o v e r  Nor th  
C a r o l i n a  and Elaine p e a t s .  The p r imary  v n r i a t i o n s  d u e  t o  f e e d s t o c k  c h a r a c e c r i s t i c s  c a n  be 
a c c o u n t e d  f o r  in ternis of t h e  u l t l m a t e  y i e l d  of  e a c h  p r o d u c t  s p e c k s .  These  l i m i t i n g  
v. i lucs  can  b e  a p p r o x i m a t e l y  c s t i m n t e d  from t h e  u l t i m a t e  and p r o x i m a t e  a n a l y s e s  o f  t h e  
f e e d s t o c k s .  

c s s e n t l s l l y  a r o m a t i c .  l i i ghe r  t e m p e r a t u r e s  and  hydrogen  p r e s s u r e s  f a v o r  t h e  f o r m a t i o n  o f  
the l i g h t e r  f r a c t i o n s  ( i . e . ,  BTX) b o t h  r e l a c i v c l y  and a b s o l u t e l y .  The h e a v i e r  compounds 
:IS w e l l  as plicnols and p y r i d i n e s  are r c d u c c d  w i t h  t l w  greater s e v e r i t y .  

Tlif l i q u i d  p r o d u c t s  o f  h y d r o p y r o l y s i s  o f  Minneso ta  p c a t  have  been a n a l y z e d .  They a re  
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ESPCUIMENTAL 1NVESTICATIUN 01.' PEAT HYDKOGASlFICATION. W.S. Hinrs .  L.P. Combs, and 
F.D. Raniere.  Rockwell I n t e r n a t i o n a l ,  5900 Dc.Soto Avenue, Canoga Park,  C a l i f o r n i a  

91304. 

This  paper d e s c r i b e s  a s e r i e s  of exper iments  sponsored by tlic Department of Energy i n  
which d r i e d ,  p u l v e r i z e d  t l innesota  p e a t  was h y d r o g a s i f i c d  in an engineer ing-sca le  (3/4 TPlO 
h y d r o g a s i f i e r  system des igned  f o r  p u l v e r i z e d  c o a l  feed .  P u l v e r i z e d  carbonaceous s o l i d s  
arc f e d  i n  dense phase ( I . c . ,  minimum t r a n s p o r t  g a s )  to t h e  Kockwcll 3 1 4  TPH e n t r a i n e d -  
flow h y d r o g a s i f i e r  where they  a r c  very  r a p i d l y  and thoroughly  mixed w i t h  a h igh  tempera- 
t u r e  hydrogen s t ream.  
Reac tor  o p e r a t i n g  p r e s s u r e  and tempera ture ,  t o g e t h e r  wi th  r e a c t a n t  fccd  r a t e s  and resi- 
dence  t i m e ,  a r e  v a r i e d  to a c h i e v e  a d e s i r e d  performance, v i z . ,  o v e r a l l  carbon convers ion  
and r e l a t i v e  d i s t r i b u t i o n  of conver ted  carbon among gaseous  and l i q u i d  products .  

Very i n t e r e s t i n g  and promis ing  h y d r o g n s i f i c r  pcrformancc has  been cxpcr icnced  w l t h  
p e a t .  O v e r a l l  carbon convers ion  l e v e l s ,  s u b s t a n t i a l l y  h i g h e r  than  p r e v i o u s l y  observed 
w i t h  c o a l s  under comparable c o n d i t i o n s ,  ranging  t o  as high  a s  84.2%, were p r e v i o u s l y  
r e p o r t e d .  
b e i n g  conducted by Rockwell I n t e r n a t i o n a l .  O v e r a l l  c o n v e r s i o n  is measured w i t h  r e s p e c t  
t o  r c a c t o r  tempera turc ,  r e s i d e n c e  time, and p r e s s u r e .  Reac tor  c o n d i t i o n s  w i l l  be  o p t i -  
mizcd t o  permit t h e  most economical convcrs ion  of p r a t  t o  s u b s t i t u t e  n n t u r a l  gas .  

cussed .  Included a r e  comparisons w i t h  o t h e r  i n v e s t i g a t o r s '  f i n d i n g s .  

The h o t  hydrogen h e a t s  and pyro lyzes  t h e  i n d i v i d u a l  s o l i d  p a r t i c l e s .  

This paper  is a n  update  of t h e  c o n t i n u i n g  p e a t  h y d r u g a s i f i c a t i o n  t e s t  program 

D e t a i l e d  r e s u l t s  of t h e  p e a t  I l y d r o g a s i t i c a t i o n  exper iments  a r e  presented  and d i s -  
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DEVELOPMENTS I N  PEAT BIOGASIFICATION. 
Cambridge, MA 02139. A.M. Rader. Minnesota Gas Co., Mineapol i s ,  MN 55426, M . J .  
Kopstein,  U.S. Dept. of Energy, Washington, DC 20545. 

M.G. Buivid ,  D.L.  Wise, Dynatech RID Co., 

A four-phase development program i s  underway t o  conf i rm t h a t  b i o g a s i f i c a t i o n  is  a t e c h n i c a l  
and economical p r o c e s s  f o r  the  convers ion  of p e a t  i n t o  p i p e l i n e  q u a l i t y  mcthane (SNG). The 
b i o g a s i f i c a t i o n  of p e a t  is  based on a two-stage p r o c e s s .  
(assumed to f o l l o w  hydro-mining) a n  o x i d a t i v e  p r e t r e a t m e n t  of p e a t  b r e a k s  down the  l igno-  
c e l l u l o s i c  s t r u c t u r e  t o  s o l u b l e ,  low millccular wcight a c i d s ,  wood s u g a r s ,  and o t h e r  so lu-  
b l e  o r g a n i c  fragments.  
c o n t a i n i n g  the  s o l u b l c  o r g a n i c  m a t e r i a l  is  c o n v e r t e d  t o  methane and carbon d i o x l d e  by con- 
v e n t i o n a l  anaerobic  f e r m e n t a t i o n  i n  t h e  second s t a g e  of t h e  p r o c e s s .  Phase I was a pre-  
l i m i n a r y  exper imenta l  i n v e s t i g a t i o n  which i n d i c a t e d  t h a t  a s u b s t a n t i a l  percentage  of t h e  
energy va lue  i n  t h e  s o l u b i l i z e d  p e a t  from t h e  f i r s t  s t a g e  was fermented t o  methanc i n  the  
second s t a g e .  
a 75 b i l l i o n  BTli/day p e a t  b i o g a s i f i c a t i o n  p l a n t  t o  be c o s t  c o m p e t i t i v e  wi th  o t h e r  s o u r c e s  
of n a t u r a l  gas .  
which s t a r t e d  October 1979, co-funded by Minnesota Gas and t h e  U.S. Dept. o f  Energy, w i l l  
o p t i m i z e  a cont inuous  m u l t i s t a g e  bench s c a l e  b i o g a s i f i c a t i o n  p r o c e s s  (18-month program). 
The o b j e c t i v e  is  t o  provide  sca le -up  d a t a  n e c e s s a r y  f o r  a process  development u n i t  (PDU) of 
a p p r o x i z a t e l y  1 tonlday  (Phase IV).  A s i g n i f i c a n t  advantage  of  t h e  b i o g a s i f i c a t i o n  process  
a p p e a r s  t o  be  t h a t  t e c h n i c a l  d i f f i c u l t i e s  of dewater ing  necessary  f o r  p e a t  u t i l i z a t i o n  i n  
convent iona l  g a s i f i c a t i o n  o r  d i r e c t  combustion, a r e  e l i m i n a t e d .  

In t h e  f i r s t  p rocess ing  s t a g e  

Unreacted p e a t  s o l i d s  a r e  s e p a r a t e d  whi le  t h e  recovered l i q u i d ,  

Phase I1 w a s  a p r e l i m i n a r y  p r o c e s s  des ign  and economic a n a l y s i s  t h a t  showed 

Prescnred  a r e  t h e  d e t a i l s  o f  t h e  8-month Phase I and I1 s tudy .  Phase 111. 
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ENHANCED REACTIVITY OF METAL-IMPREGNATED PEAT CHAR AND SEMICOKE DURING 
GAS PHASE HYDROGENOLYSIS 

H.T. Ta rk i ,  A. Kiennemann and E. Chornet 

Departement de gen ie  chimique 
Facul t e  des Sciences appl  iquees 

Un ive rs i  t e  de Sherbrooke 
Sherbrooke, Que., Canada, J1K 2R1 

INTRODUCTION 

Chars and semicokes o f  d i f f e r e n t  o r i g i n s  show a d e f i n i t e  a l t hough  moderaLe reac-  
t i v i  ty i n  hydrogeno lys is  and hydrogenat ion  reac t i ons .  
t i a t e d  t h i s  f a c t  (1 - 3).  
o f  ordered s t r u c t u r e s  Tgraphi  t e )  as i t  has been documented by Walker e t  a1 . ($1. 
Our a t t e n t i o n  has focused on the  r e a c t i v i t y  o f  peat  char  and semicoke and 
more p r e c i s e l y  we have t r i e d  t o  improve the  h y d r o g e m l y s i s  and hydrogenat ion  o f  
these ma te r ia l s  by  a d d i t i o n  o f  metals i n  r a t h e r  massive amounts (about  15% by  we igh t  
us ing  the  i o n  exchange p r o p e r t i e s  o f  humic m a t e r i a l s ) .  Th i s  f o l l o w s  o u r  p rev ious  
work on the  p repara t i on  o f  f i n e l y  d ispersed meta ls  on peat  char  and semicoke (5) .  
I t  was f e l t  t h a t  by  a p roper  combina t ion  o f  metal  c h a r a c t e r i s t i c s ,  d i spe rs ion  and 
opera t i ng  cond i t i ons  inc reased amounts o f  methane cou ld  be produced f rom o u r  p re-  
pa ra t i ons  even a t  pressures near  atmospher ic.  

Former work on metal  ca ta l yzed  
pre t rea tment  cond i t i ons  (6). 
on the  peat  char p re t rea tment  fo l l owed  by a s tudy  on the  hydrogen-char r e a c t i o n  w i th  
and w i t h o u t  a d d i t i o n  o f  meta ls .  I r o n ,  n i c k e l  and c o b a l t  have been cons idered as would- 
be c a t a l y s t s  f o r  t h i s  reac t i on .  
thermogravimetr i  c methods. 

E a r l y  s tud ies  have substan- 
Th is  s i t u a t i o n  i s  i n  c o n t r a s t  w i t h  the  low o f  r e a c t i v i t y  

hydrogen-char reac t i ons  has shown the  importance o f  
Acco rd ing l y  o u r  s tudy  s t a r t s  w i t h  some cons ide ra t i ons  

The o v e r a l l  r e a c t i v i t y  s tudy  was c a r r i e d  o u t  us ing  

EXPERIMENTAL 

The impregnat ion and the  ca rbon iza t i on  c o n d i t i o n s  used were developed i n  our  
By ammoniation o f  t he  peat  p r i o r  t o  impregnat ion  the  amount o f  former s tudy  ( 5 ) .  

metal  which can be i nco rpo ra ted  i n  the  peat  s t r u c t u r e  i s  q u i t e  s i g n i f i c a n t .  I n  the  
present  work p repara t ions  hav ing  16.1% N i ,  14.9% Co and 17.9% Fe (we igh t  percentage 
o f  anhydrous pea&) have been achieved. A f t e r  ca rbon iza t i on  o f  t he  peat-metal  p re-  
pa ra t i ons  a t  540 C s p e c i f i c  su r face  areas o f  365, 224 and 364 m2/g have r e s p e c t i v e l y  
resu l ted .  The su r face  area o f  t he  carbonized peat  ( w i t h o u t  any metal  added) i s  on- 
l y  69 m2/g. 
char  conta ins  0.02% Fe e i t h e r  as p y r i t e  o r  ox ide .  

Y ie lds  upon ca rbon iza t i on  are  o f  about 40%. The non-impregnated peat 

The d e v o l a t i l i z a t i o n  and H2 r e a c t i v i t y  s tud ies  have been c a r r i e d  o u t  i n  a 
M e t t l e r  thermobalance. 
programming was conducted between 2 C h i n  and 10 C/min w i t h  most runs a t  4 C/min. 
H2 and He f l ow  r a t e s  were o f  60 &/inin. 
a mo lecu la r  s ieve  and a Deoxo u n i t  p r i o r  t o  i n t r o d u c t i o n  i n  the  thermograv imet r ic  
c e l l .  Atmospheric p ressure  was used i n  a l l  t he  hydrogeno lys is  exper iments.  On- 
stream chromatography a l lowed i n t e r m i t t e n t  sampl ing o f  t h e  gases e n t e r i n q  
duced d u r i n g  the reac t i ons .  

A t y p i c a l  run  cons is ted  o f :  

200 t o  300 v g  o f  sample #ere used f o r  each run .  Tgmperature 

Both gases were p u r i f i e d  by passage through 

o r  pro- 

a) I n t r o d u c t i o n  o f  t he  sample i n  the  thermobalance c e l l .  
under vacuum and i n  the  presence o f  he l i um t o  e l i m i n a t e  a l l  t races  o f  
moi s t u r e .  

Heat ing  a t  105OC 

277 



b )  

c )  

Heat ing under he l i um up t o  the  d e s i r e d  d e v o l a t i l i z a t i o n  temperature.  

Return t o  20°C under he l ium,  i . n t roduc t i on  of  H, and programmed h e a t i n g  up 
t o  the  des i red  temperature.  

Our c r i t e r i a  f o r  a v a l i d  sxper imcc t  requ i red . !ess  than 10% error i n  t.he n v e r a l l  ma- 
t e r i a l  balances. 

RESULTS 

1. Heat ing r a t e  e f f e c t s  

Weight losses  du r ing  hydrogeno lys is  a r e  s t r o n g l y  i n f l u e n c e d  by the  h e a t i n g  r a t e .  
Thus on non-impregnated chars wg igh t  losses o f  33%, 31.5%, 30.5% and 25.5% accompany 
h e a t i n g  ra tes  o f  2, 4, 6 and 15 C/min r e s p e c t i v e l y  f o r  i d e n t i c a l  d e v o l a t i l i z a t i o n  
cond i t i ons .  On a Ni-doped cha r  the  we igh t  losses  a re  o f ' 4 8 2  and 33% f o r  4 and 10°C/ 
min r e s p e c t i v e l y .  -Two l e v e l s  o f  i n f l u e n c e  seem c l e a r  a t  t h i s  p o i n t :  
l ow  hea t ing  r a t e s  do r e s u l t  i n  h i g h e r  o v e r a l l  r eac ted  m a t e r i a l  as shown i n  F igure  1 
and the  presence o f  t he  metal  enhances cons ide rab ly  the  r e a c t i v i t y  o f  t he  char.  

2 .  D e v o l a t i l i z a t i o n  s tud ies  p r i o r  t o  hydrogeno lys is  

Pre t rea tment  ( d e v o l a t i l i z a t i o n )  o f  t he  meta l -char  p repara t i ons  has an impor tan t  
i n f l u e g c e  on Ju r the r  hydrogeno iys is :  
a t  750 C, 500 C, 25OoC and 150 C, we igh t  l osses  on f u r t h e r  hydrogeno lys is  w i t h  p ro -  
grammed temperature up t o  1200°C a re  8%, 24.58, 33.5% and 35% r e s p e c t i v e l y .  

o n l y  COP and CO appear t o  be produced. 

Wi th  peat  chars  a t  temperatures as low as 105 C t he  presence o f  CO i s  e a s i l y  detec- 
ted ,  suggest ing weak chemisorp t ion  o f  oxygen and low s t a b i l i t y  o f  su r face  ox ides .  
The h ighe r  the  temperature o f  d e v o l a t i l i z a t i o n ,  t h e  h ighe r  the  amount o f  CO g i ven  
o f f  and thus the  lower the  concen t ra t i on  o f  oxygenated species on the  sur face .  
seems t o  have a c r u c i a l  e f f e c t  on the  r a t e  o f  CH, f o rma t ion  upon subsequent hydro-  
geno lys i s .  F igu re  2 i l l u s t r a t e s  t h i s  p o i n t .  D e v o l a t i l i z a t i o n  a t  t he  lowest  tem- 
pe ra tu res  r e s u l t s  i n  h i g h e r  CHI, h i e l d s .  Moreover, t he  temperature o f  maximum CHI, 
fo rmat ion  i s  a l s o  f u n c t i o n  o f  t he  d e v o l a t i l i z a t i o n  temperature which cou ld  be ex- 
p l a i n e d  by a h i g h e r  concen t ra t i on  o f  oxygenated su r face  species on the  samples 
d e v o l a t i l i z e d  a t  the  l ower  temperatures.  

3 .  

major  species a re  de tec ted  upon subsgquent hydrogen-char reac t i ons .  
i n i t i a l l y  a t  temperatures around 185 C; i t  rgaches a maximum r a t e  o f  f g rma t ion  a t  
about 39OoC and s low ly  vanishes a t  about 500 C.  Between 4OO0C and 500 C, CHI, and 
CO beg in  t o  appear i n  such a way t h a t  t he  r i s e  i n  the  r a t e  o f  f o rma t ion  o f  CHI, a l s o  
corresponds t o  a r i s e  i n  the  r a t e  o f  f o rma t ion  o f  CO. Both species f o l l o w  s i m i l a r  
t rends  a l though q u a n t i t a t i v e l y  CHI, i s  p resen t  i n  l a r g e r  amounts (a  f a c t o r  of  3 t o  4 
t imes l a r g e r ) .  
ween peat  char  and.hydrogen ( w i t h  no 0 spec ies  e x t e r n a l l y  added as O 2  o r  H20) pro-  
ceeds v i a  the  methanat ion r e a c t i o n  between CO and H 2  us ing  the  0 species s t i l l  pre- 
sen t  a t  the surface r a t h e r  than by d i r e c t  r e a c t i o n  between the  carbon atoms and hy- 
drogen. 

4. 

l a t i l i z a t i o n  a t  150 C .  
b y  temperature programming ( 4  C/min) up t o  1200 C a re  as f o l l o w s :  

moderately 

when d e v o l a t i l i z a t i o n  under Ile i s  conducted 

During d e v o l a t i l i z a t i o n  under He o f  t h e  peat  chars i n i t i a l l y  prepared a t  54OoC 
S i m i l a r  observ  t i o n s  had p r e v i o u s l y  been 

made on g raph i te  where CO requ i res  temperaturgs o f  300 8 C t o  be produced (1, 8). 

This  

Hydrogen r e a c t i v i t y  o f  non- impregnated peat  chars  

Even on the  samples d e v o l a t i l i z e d  a t  h i g h  temperatures (500°C and 70OoC) th ree  
CO, appears 

Th is  t r e n d  suggests t h a t  t h e  fo rma t ion  o f  CHI, f rom the  r e a c t i o n  b e t -  

Hydrogen r e a c t i v i t y  o f  pea t  chars  impregnated w i t h  Fe, N i  and Co 

The c a t a l y t i c  i g f l uence  o f  t r a n s i t i o n  meta ls  has been s t u d i e d  f o l l o w i n g  devo- 
Weigh& losses  upon subsgquent hydrogeno lys is  o f  the  samples 

uncata iyzed peat  
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char ,  34%; Fe-peat char ,  42%; N i -peat  char,  46.5%; Co-peat char,  84%. 
coba l t  i s  remarkable s ince  i t  can be concluded t h a t  t he  hydrogeno lys is  o f  t he  o r -  
ganic ma t te r  i n  the  char  i s  n e a r l y  complete when t a k i n g  i n t o  account the  i n i t i a l  
ash con ten t  o f  t he  char  (6 .5%) .  

F igure  3 shows the  p r o f i l e s  o f  CHI, f o rma t ion  d u r i n g  the  hyd rogeno lysh .  
r e a c t i v i t y  i s  de f i ned  as Rs= mg 

taken a t  any t ime  t d u r i n g  the  exper iment (and n o t  a t  i n i t i a l  t = 0) .  
t h e  Shree chars s tud igd ,  t he  CHI, p r o f i l e  shows two maxima: 
(625 C f o r  Co and 650 
1020°C f o r  N i  and 1050 C f o r  Fe) .  
t he  temperature o f  maximum CHI, f o rma t ion  r e l a t i v e  t o  the  non impregnated char  
i n  t h i s  case).  

The case o f  

The 
formed x g&, x min- '  i n  which the  gchar i s  

CH4 
For each o f  

a low temperature peak 
f o r  N i  and Fe) and a h i g h  temperature peak (1010 C f o r  CO, 

I n  a l l  t h ree  cases t h e r e  i s  a marked decrease i n  
(750OC 

Furthermore the  second peak i s  absent i n  the  l a t t e r  samples. 

I t  i s  impor tan t  t o  n o t i c e  t h a t  bo th  maxima a re  h i g h e r  f o r  c o b a l t  impregnated 

Comparat ively t o  observed l i t e r a t u r e  r e s u l t s  the  i m -  
chars than f o r  i r o n  o r  n i c k e l  p repara t ions .  
a t  the h ighe r  temperatures.  
pregnated peat chars do present  some unique fea tu res  as shown i n  Table 1. 

A lso ,  t he  e f f e c t  o f  i r o n  i s  more marked 

Metal Low Temperature High Temperature 

Peak (OC) Peak (OC) 

None 700* 

Fe 650* 1050*, 1020 

Ref.  

( 9) 

1 CO /I 625*, 693 1 1010*, 950 

t----it I I 
I I 

650*, 550, 535, 1070*, 950, 683 
540, 685 I Ni /I 

* - t h i s  work 

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  the  raw pea t  char  and the  Fe prepara t i on  show a 
low temperature peak which has n o t  been p r e v i o u s l y  observed on g r a p h i t e  ( 9 ) .  
t he  low temperature peak occurs a t  lower  temperatures on the  Co than on the  N i  chars,  
con t ra ry  to  p rev ious  observa t ions  on g raph i te .  
s i b l e  f o r  t h i s  behav iour .  

A lso  

Metal  d i spe rs ions  migh t  be respon- 

To emphasize the  d i s t i n c t  behav iour  o f  peat  chars, Table 2 shows the  percentage 
o f  reac ted  char ( %  convers ion)  as a f u n c t i o n  o f  se lec ted  temperatures.  
l i t e r a t u r e  re fe rences  have a l s o  been inc luded  (9. 11). 

Appropr ia te  
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Table 2 :  Percentage o f  reac ted  pea t  chars d u r i n g  hydrogeno lys is  

a t  a p rog ramed  temperature o f  4OC/min and 1 atm. 

Metal  jl 65OoC j 75OoC j 95OoC 1 1050% 

None 

Fe 

co 
N i  

1 

(E) t h i s  work (9) t h i s  work (u) t h i s  work (9) 

0 21 0 26 2 29 a 
0 22 0 27 3 33 9 

0 68 0.1 74 5 76 25 

2 20 36 29 7 37 62 

t h i s  work 

79 

41 

D i f f e rences  between l i t e r a t u r e  values used f o r  comparison r e f l e c r  a i s t i n c t  ca r -  
bon s t r i l c t u r e s  (%. ;). 
peat  chars, impregnated o r  n o t ,  show h i g h e r  convers ion  f i g u r e s  a t  a g iven temperature.  
A l though d i f f e rences  between the  hea t ing  schedules m igh t  be p a r t l y  respons ib le  f o r  
the  observed r e s u l t s ,  we f a v o r  neve r the less  an exp lana t ion  based on the  concentra- 
t i o n  o f  oxygenated species i n  the  chars.  
Whereas the carbons used as comparison range from 6.2% ( 9 )  t o  1 .4% (11) .  
a unique metal e f f e c t  i s  observed i n  the  sense t h a t  CO ca ta l yzes  the  G d r o g e n o l y s i s  
r e a c t i o n  i n  a very  e f f i c i e n t  way. Such c a t a l y t i c  a c t i o n  cou ld  be exp la ined  by the  
s t a t e  o f  the metal  on the  carbon suppor t .  I n  f a c t  X r a y  s tud ies  on the  sample have 
shown t h a t  CO i s  p resen t  as a h i g h l y  d ispersed metal  n o t  hav ing  achieved a d e f i n i t e  
c r y s t a l  s t r u c t u r e .  N i  i s  p resent  as a c r y s t a l l i n e  metal  wheras Fe i s  p resent  bo th  
as a m e t a 1  and as a m i x t u r e  o f  ox ides .  Thus i t  i s  q u i t e  p robab le  t h a t  t he  h i g h l y  
d ispersed "amorphous" c o b a l t  a c t s  as a nucleus bo th  f o r  H2 chemisorp t ion  and i t s  
subsequent d i s s o c i a t i o n  and a l s o  i t s  r e a c t i o n  w i t h  su r face  carbony ls  o r  formed CO 
t o  produce methane. 

a s e r i e s  o f  runs  was c a r r i e d  o u t  by  programming the  temperature (4'C/min) up t o  7OO0C 
and l e t t i n g  the  chars r e a c t  a t  t h i s  temperature u n t i l  no methane was evolved. Elaxi- 
mum r e a c t i v i t y  values were very  s i m i l a r  t o  those shown i n  F igu re  3. 
s ions  were: 77.5%, 31.0%, 25.0% and 24.5% f o r  CO, N i ,  Fe and raw char  r e s p e c t i v e l y .  
The s i g n i f i c a n c e  o f  CO i n  hydrogeno lys is  o f  peat  chars  i s  thus aga in  emphasized. 

Mode l l i ng  o f  the  convers ion  vs t ime p r o f i l e  was at tempted us ing  the  genera l i zed  
model p u t  forward by Chornet e t  a l .  (12). as de f i ned  by 
Mahajan e t  a l .  (13) cou ld  o n l y  be app l i ed  t o  the  CO-char p repara t i on  s ince  i t  was 
the  o n l y  s imple which r e s u l t e d  i n  f>0 .5 .  
d f / d t  = k f  ( 1 - f )  , where f i s  the  conversion; t, the  hydrogeno lys is  r e a c t i o n  t ime 
and k ,  a and b a re  cons tan t  c h a r a c t e r i s t i c s  o f  a p a r t i c u l a r  r e a c t i o n .  
CO-peat char sample grid us ing  the  exper imenta l  run  i n  which the  temperature i s  
h e l d  cons tan t  a t  700 C a computer s i m u l a t i o n  y i e l d s  the  f o l l o w i n g  va lues :  
k = 1.65 min-', a = 0.5 and b = 0 .4 ,  w i t h  a c o r r e l a t i o n  c o e f f i c i e n t  o f  0.95 between 
the  exper imenta l  values and those de r i ved  from the  model. 
f i t  for CO i s  p resented  i n  F igure  4. 
o t h e r  samples. 

It i s  impor tan t  t o  r e a l i z e  t h a t  i n  a l l  cases, except  f a r  N i ,  

Thus, peat  chars con ta in  > l o %  oxygen. 
Moreover, 

Since t h e  maximum r a t e  o f  CHI, f o rma t ion  takes p lace  i n  between 625OC and 7OO0C 

To ta l  conver- 

The parameter T = t/to, 

The genera l i zed  k i n e t i c  express ion  i s :  

For the  

Evidence o f  t he  e x c e l l e n t  
S i m i l a r  p r o f i l e s  were a l s o  ob ta ined  f o r  the  

No a t tempt  has been done so f a r  t o  i n t e r p r e t  these p r o f i l e s  which 
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suggest some s o r t  o f  a u t o c a t a l y t i c  r e a c t i o n  sequences. 

DISCUSSION 

Proposed inechanisms o f  d i r e c t  CHI, f o rma t ion  f rom carbon and hydrogen a r e  numer- 
ous (1. E, 16). 
t he  two peaks observed i n  the p resen t  work on pea t  chars has a l s o  been documented 
on o t h e r  carbon suppor ts  (1 ,  8, 9, 17 ) .  I t s  e x p l a n a t i o n  i s  s t i l l  a cha l l eng ing  
problem. 
faces way be respons ib le  f o r  t h e  presence o f  two o r  seve ra l  peaks d u r i n g  the  hydro-  
geno lys i s :  f i r s t  t he  r e a c t i o n  focusses on the  amorphous f r a c t i o n s ,  l a t e r  on the 
c r y s t a l l i n e  sec t i ons  (7, 2, 17, 8, s, 11). 
face and f u r t h e r  r e a c t i o n  w i t h  su r face  carbon atoms has been m a i n l y  proposed as 
the  dominant mechanism ( 9 ,  19, 20) .  
atoms and gaseous hydrogen Ks  SO been considered (2). 

I n  t h i s  s tudy the  r o l e  o f  oxygenated species p resen t  i n  the  cha r  i s  of para- 
mount importance. The i n d i c a t i o n s  d e r i v e d  f rom o u r  exper iments can be summarized 
as fo l l ows :  a)  i n f l u e n c e  o f  t he  h e a t i n g  r a t e  on CHI, f o rma t ion :  a h i g h e r  r a t e  of 
CHI, format ion a t  the low h e a t i n g  r a t e s  i s  a consequence on i nc reased  sur face reac-  
t i o n  t imes which r e s u l t  i n  more CO reacted;  b )  t he  n e g a t i v e  r o l e  o f  h i g h e r  devola-  
t i l i z a t i o n  temperatures on the  r a t e  o f  CHI, f o rma t ion  i s  a r e s u l t  o f  a lower  concen- 
t r a t i o n  o f  oxygenated su r face  species;  c )  t he  decrease i n  the  fo rma t ion  of CO, i s  
accompanied by an i nc rease  i n  CO; and d) the s imul taneous presence o f  CHI, and CO 
i n  the f i r s t  r e a c t i o n  s tage,  tends t o  i n d i c a t e  t h a t  CHI, f o rma t ion  i s  c l o s e l y  l i n -  
ked t o  the  presence o f  CO. 

be suggested as f o l l o w s :  

1 -  

The ex i s tence  o f  two d i s t i n c t  r e a c t i o n  paths as evidenced f rom 

Several authors r a v e  suggested t h a t  t he  he te rogene i t y  o f  t he  carbon su r -  

D i s s o c i a t i o n  o f  hydrogen on the  su r -  

D i r e c t  r e a c t i o n  between weakened su r face  carbon 

A t e n t a t i v e  r e a c t i o n  sequence c o n s i s t e n t  w i t h  the  observed r e s u l t s  can then 

Decomposition o f  bas i c  sur fahe ox ides ( ca rbony l  o r  e t h e r  types)  w i t h  fo rma t ion  
o f  CO, s t a r t i n g  a t  about  150 C, as suggested by  Boehni and co-workers (2, 13). 
Reaction between the  COz formed and the char  t o  y i e l d  CO as proposed by Shaw 
(E). 
Reaction between the  su r face  CO and hydrogen as a t r u e  methanat ion s t e p  (25, 3). 
The i n - s i t u  p roduc t i on  o f  steam d u r i n g  t h i s  r e a c t i o n  w i l l  a l l o w  regenera t i on  
o f  the oxygenated su r face  species v i a  i t s  subsequent i n t e r a c t i o n  w i t h  the  su r -  
face carbon atoms and e v e n t u a l l y  produce e i t h e r  CO, (27) o r  CO (3, e). It i s  
d u r i n g  t h i s  s t e p  t h a t  t h e  impregnated metal p lays  a ma jo r  r o l e  s i n c e  Fe, N i  and 
Co a re  e x c e l l e n t  c a t a l y s t s  f o r  the methanat ion r e a c t i o n  when p resen t  i n  a peat-  
de r i ved  carbon i n a t r i x  (28). 
A t  h i g h  temperatures (>>7OO0C) d i r e c t  r e a c t i o n  between hydrogen and the char  
takes p lace,  t he  meta l  p robab ly  f a c i l i t a t i n g  the  d i s s o c i a t i o n  o f  t h e  incoming 
hydrogen and i t s  m i g r a t i o n  toward ad jacen t  carbon atoms f o r  f u r t h e r  methane 
forma ti on. 

2- 
Some CO i s  p robab ly  a l s o  p resen t  as s u r f a c e  ca rbony l .  

3- 

4- 

CONCLUSIONS 

I n  tge p resen t  s tudy ,  the gas phase hyd rogeno lys i s  o f  peat  chars prepared a t  
about 540 C and p r e v i o u s l y  i i i ipregnated w i t h  Fe, N i  and Co has been i n v e s t i g a t e d .  
The f o l l o w i n g  p o i n t s  summarize t h e  main f i n d i n g s  o f  t h i s  work: 

d e v o l a t i l i z a t i o n  o f  the cha r  i s  an impor tan t  f a c t o r  f o r  i t s  subsequent reac-  
t i v i t y  toward hydrogen. The lower  t h e  d e v o l a t i z a t i o n  temperature p r i o r  t o  
hydrogenolys is ,  t h e  h i g h e r  the r a t e  o f  iiiethane fo rma t ion  d u r i n g  hyd rogeno lys i s .  
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- the  c a t a l y t i c  e f f e c t  o f  the  meta ls  i s  i m p o r t a n t  a t  two l e v e l s :  h i g h e r  conver-  
si,ons t o  methane and lower  tempe.ratu,res o f  maximum r a t e  o f  methane fo rmat ion .  

t he  conversion versus hime p r g f i l e s  can be very  w e l l  f i t t e d  by the  f o l l o w i n g  
expression d f / d t  = k f suggest ing  a k i n e t i c  sequence c l o s e l y  r e l a t e d  
t n  aijtocata1yt.i c steps .  

t he  oxygenated su r face  spec ies  p l a y  a major  r o l e  i n  the  methane fo rmat ion ,  which 
probab ly  takes p lace  a t  t he  lower  temperatures (625-700°C) v i a  r e a c t i o n  between sur- 
face  CO and chemisorbed hydrogen ca ta l yzed  by the  meta ls .  
a c t i v e  o f  t he  meta ls  a t  t h i s  l e v e l .  
r e a c t i o n  o f  hydrogen w i t h  the  su r face  carbon atoms a l s o  seems t o  occur .  
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Figure 1 Heating r a t e  e f f e c t s  on Ni-peat char  
hydrogenolysis  as measured by t h e  C H 4  

mole f r a c t i o n  i n  e x i t  gas 
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Fiqure 2 Methane formation during hydrogenolysis 
of p e a t  char  a s  a func t ion  o f  
d e v o l a t i l  i z a t i o n  temperature  
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Figure 3 Hydrogen r e a c t i v i t y  of metal 
impregnated peat  chars  a s  
measured by C H 4  foriiiation 
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Figure 4 Conversion, f ,  a s  a func t ion  of t i m e ,  t ,  and s tandard ized  time 
T = t / toS5 f o r  t h e  hydrogenolysis  of  Co-impregnated pea t  chars  
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